Alternative energy technologies are greatly hindered by significant limitations in materials science. From low activity to poor stability, and from mineral scarcity to high cost, the current materials are not able to cope with the significant challenges of clean energy technologies. However, recent advances in the preparation of nanomaterials, porous solids, and nanostructured solids are providing hope in the race for a better, cleaner energy production. The present contribution critically reviews the development and role of mesoporosity in a wide range of technologies, as this provides for critical improvements in accessibility, the dispersion of the active phase and a higher surface area. Relevant examples of the development of mesoporosity by a wide range of techniques are provided, including the preparation of hierarchical structures with pore systems in different scale ranges. Mesoporosity plays a significant role in catalysis, especially in the most challenging processes where bulky molecules, like those obtained from biomass or highly unreactive species, such as CO 2 should be transformed into most valuable products. Furthermore, mesoporous materials also play a significant role as electrodes in fuel and solar cells and in thermoelectric devices, technologies which are benefiting from improved accessibility and a better dispersion of materials with controlled porosity.
Introduction
Renewable energy technologies hold the promise to meet the increasing energy demands of a 7 billion people planet without depleting our natural resources and compromising the quality of our environment.
1 Despite the significant growth of clean energy technologies observed in recent years, they are still far from reaching their full potential as in many cases they suffer from low yields, high cost, material scarcity, poor robustness, or challenging scalability. Many of these challenges are being overcome thanks to the ingenuity and creativity of chemists, materials scientists and nanotechnologists, who are developing new materials and reinventing old ones by modifying their structure, size, morphology, surface chemistry and porosity. [2] [3] [4] Among the material science contributions which are providing some of the most significant advances in energy applications, we are covering here the development and role of mesoporosity, highlighting both new techniques to introduce controlled mesoporosity in solids and their application in a wide range of energy technologies. Porous solids are ubiquitous due to their many advantages such as a large surface area, an enhanced accessibility and the ability to anchor different chemical functionalities on their surface. The use of molecular and supramolecular templates, especially surfactants, has been one of the most successful strategies for the production of materials with a controlled porosity. 5 Since the discovery of MCM-41, a myriad of surfactant-templated solids has populated the research efforts of many groups, dealing with their synthesis, characterization and application. Some of the main advantages of this methodology are: their versatility, robustness, simplicity and ability to produce very complex and interconnected porous structures. Sol-gel chemistry techniques are typically used in combination with different surfactants to produce a wide variety of porous metal oxides. Both soft templates, such as surfactant and polymers and hard templates such as carbon and metal oxides and carbonates which can be burned-off or easily dissolved at a certain pH, have being extensively used to introduce controlled mesoporosity in a wide variety of solids. The combination of these strategies has yielded new hierarchical materials whose unique porous structures provide significant advantages, many of them described in this review.
needed for the good wettability of the electrode with the electrolyte solution, and for the good contact between the catalyst and the reaction solution. In other cases, more complex surface modification is needed. For example, the introduction of complex chemical species, such as dyes, on the surface of nanoparticles, is typically carried out in the preparation of dye-sensitized solar cells. More recently, a novel strategy has been described to introduce a wide variety of chemical functionalities in porous solids, ranging from metal complexes to nanoparticles, clusters and homogenous catalysts. This has been possible thanks to the combination of surfactant-template and sol-gel chemistry techniques. 8 Ranging from gains in accessibility, a higher surface area and enhanced yields to improved selectivity, the precise control over the pore structure and surface chemistry of mesoporous materials is having a major impact on the performance of a wide range of energy technologies, as described in some detail in this review.
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New mesoporous materials with unique properties

Nanostructured mesoporous materials
Twenty years after the pioneering work of Mobil's research on the synthesis and characterization of a new class of porous materials, the M41S family, 9 the literature about mesoporous materials has proliferated explosively. Since the early nineties, when the first Kresge et al. 9a article was published, the investigations into mesoporous materials have continuously grown resulting in a new independent research area, closely related to zeolites and microporous materials. Proof of the interest that nanostructured mesoporous materials now generate can be found in the number of publications in this field: 6000 papers included the words mesoporous materials in the 'Web of Science' database in the year 2012, besides the numerous special issues, conferences, books and patents, that every year add to the accumulated knowledge of the subject. For all these reasons, it is clear that in this section we can only give a short summary of mesoporous materials, emphasizing the benefit that these materials can bring to renewable related technologies. For a more in-depth examination of the synthesis of mesoporous materials, readers are kindly directed to ref. [10] [11] [12] [13] [14] [15] [16] and to the themed issue about Mesoporous Materials that Chemical Society Reviews recently published to coincide with the 20th anniversary of this new material family. 17 According to IUPAC, mesoporous materials are those possessing pore dimensions between 2 and 50 nm. That is, between micropores and macropores in size (the Greek prefix meso-means 'in between'). 18 Initially, the aim of developing these materials was to overcome the '1 nm restriction' that the use of zeolites imposes. 5 Theoretically, using materials with similar features to zeolites (acidity, regular pore size, high BET surface area) but with larger pores could open the door to processing large molecules that are unable to enter into a zeolite porous framework. The synthesis of nanostructured mesoporous solids is based on the supramolecular templating approach, where long chain organic surfactants are used as structure-directing agents (SDA) or templates. The assembly of these surfactant molecules in the presence of a silica precursor leads to a composite mesostructure during the condensation of the silica network. The subsequent removal of the surfactant gives a mesoporous material with porous systems replicating the surfactant's assembly, see Fig. 1 . This method generates solids with narrow pore size distributions, high BET surface areas (B1000 m 2 g
À1
) and a tuneable pore size (depending on the surfactant used). Moreover, it can be applied to the synthesis of a great number of different solids, inorganic, organic-inorganic hybrids and organic solids. 10 The M41S family was originally prepared employing cationic surfactants (S + ) at high pH, where the silicate species are negatively charged (I À ), and the electrostatic interaction (S + I À )
is responsible for the silica structuration. Since the discovery of this approach, other synthetic pathways have been employed to prepare mesoporous materials in a wide range of pHs, temperatures and surfactant types (anionic (S À ), neutral (S 0 /N 0 )). Moreover, the mesoporous materials family has been extended from the initial silica and silica/alumina solids to a huge number of other inorganic oxides. Some examples of these types of material, along with the synthetic pathways employed for their structuration, are shown in Table 1 .
Even if these materials did not accomplish the task for which they were initially conceived, which was to replace zeolites in different applications (mainly in petrochemistry), since they do not have the high catalytic activity of zeolites or their hydrothermal stability, the applications in which mesoporous materials are currently used have become countless. They are used in catalysis (as catalysts or supports), adsorption, pollutant remediation, sensors, drug delivery systems and, more related to the present review topic, photocatalysis, solar cells, fuel cells and batteries. 10 The flexibility of the templating methods permits the synthesis of materials with a controlled pore size and structure, controlled wall compositions and highly interconnected surface areas, all of which allow the optimisation of the material for the specific application required. In energy related devices, nanostructured materials have attracted much attention because of their unique properties compared to bulk materials. 10 Especially relevant is the case of mesoporous transition metal oxides, which can confine d-electrons to the walls between the pores, endowing such materials with unusual magnetic, electrochemical and optical properties. 15, 32 For example, mesoporous SnO 2 materials show a drastic reduction of dielectrics compared to bulk SnO 2 and these unique optical and electrical properties can extend their applications to gas sensors, optoelectronics and as electrodes in solid-state ionic devices. 33 Mesoporous TiO 2 presents a much higher photocatalytic activity due to its higher surface area; 34 36 These are not isolated cases, there are many other examples where the incorporation of mesoporosity in an inorganic solid brings new (or improved) properties that can expand the traditional applications of the material and make them, in many cases, ideal for energy technologies. 7 This will be thoroughly discussed in the following sections.
Hierarchical materials
Hierarchical porous materials contain porous systems at two or three different scales in an ordered structure with interconnectivity between the pores. Interest in this kind of materials is growing rapidly due to their practical potential in different areas from nanoscience to catalysis, separation, electronics, optics, optoelectronics, energy, environmental and life science. 37 In the catalytic field, these materials can improve the performance of materials with only one type of porosity. For example, the incorporation of mesoporosity in zeolites, usually with micropores o1 nm, improves the diffusion of compounds within their pores and the size of molecules that can be catalyzed. 38 This is a subject of enormous interest, mainly due to the improvements in fluid catalytic cracking (FCC) that can be obtained from the incorporation of mesoporosity into zeolites, while maintaining their other features. Different reviews in this topic can be found elsewhere. 39 method to introduce mesoporosity into Y zeolites with low Si/Al ratios, which are relevant to catalytic cracking, based on a new top-down approach using surfactant-templated crystal rearrangement, see Fig. 2 . The mesostructured zeolite Y demonstrated excellent hydrothermal stability, which is critical to such applications. The testing of FCC catalysts made from mesostructured zeolite Y showed a significantly improved selectivity in product yields (more transportation fuels, i.e. gasoline and light cycle oil (LCO), and less coke, dry gases and uncracked residues). With regard to renewable energy, these hierarchical zeolites can be very useful in bio-oil upgrading. Bio-oils produced from the pyrolysis of biomass are very inexpensive renewable liquid fuels. However, the fuel quality of the bio-oils is inferior to that of petroleum-based fuels and, in order to be used as replacements or supplements for fossil diesel or gasoline, they require upgrading treatment. 49 This is mainly due to the high oxygen and unsaturated content that these fuels present which, consequently, causes a low stability over time and a low heating value.
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The hydro-processing of bio-oil reduces both the oxygen and unsaturated content, making hydrodeoxygenation a promising method for bio-oil upgrading. 51 As in FCC, the upgrading of bio-oil in zeolites can be limited by the zeolite restricted pore size (o1 nm) since the process involves bulky reactants products. 52 With this in mind, Fang and co-workers 53 recently prepared a mesoporous ZSM-5 with wormhole like intracrystalline mesopore channels by a bottom-up approach using a dual template. That is, the typical microporous template for ZSM-5, tetrapropylammonium hydroxide (TPAOH), and a mixture of mesoporous templates such as, octyldimethyl-ammonium chloride (TPOAC) and cetyl trimethylammonium bromide (CTAB). The mesoporous zeolite was used to support Pt and its catalytic performance was evaluated in a dibenzofuran hydrodeoxygenation reaction, as a model bio-oil compound. This hierarchical material showed a better catalytic performance than Pt/ZSM-5 and Pt/Al 2 O 3 due to the combination of a high acidity and easily accessible mesopore channels. On another scale, the incorporation of macropores into mesoporous architectures also minimises diffusion barriers and may enhance the distribution of the active sites during catalyst preparation. 39a The synthetic procedures of macro/ mesoporous materials involve: (1) the combination of a supermolecular assembly of amphiphilic polymers or surfactants with second surfactant systems or with macrotemplates such as solid particles, liquid drops and air bubbles or (2) a single templating method combined with a supplementary chemical or physical method (chemical etching, chemical modification, physical deposition, and physical leaching, etc.).
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There are multiple instances where the use of macro/ mesoporous materials enhances the catalytic properties of the material. Certain organic transformations of hierarchical materials result in more active and selective processes than their mesoporous counterparts. Some representative examples include single-site Ti-containing hierarchical macro/mesoporous silica, which displays higher catalytic activities for the epoxidation of linear a-olefins compared to Ti-containing mesoporous silica without macropores (the reaction rate is enhanced with increasing alkyl chain length of linear a-olefins). 55 Pd supported on macro/ mesoporous TiO 2 monolith (7 nm mesopores and 2.5 mm macropores) exhibits better productivity (twice as good) and excellent durability in catalytic hydrogenation reactions under continuous flow conditions than its mesoporous counterpart (7 nm mesoporous). This is probably due to a smaller pressure drop, a higher mass transfer and more uniform residence time for reactants throughout the hierarchical material. 56 Finally, SAPO-34, a microporous alumina phosphate silicate zeolite, can be synthesised in a monolith form with 4 nm mesopores and bimodal 1 and 6 mm macropores, and shows a higher catalytic activity and stability than the conventional SAPO-34 in the catalytic conversion of methanol to light olefins. 57 This enhancement in the performance of hierarchical materials holds true for other properties as well. For example, since macropores have comparable dimensions to the wavelength of visible and UV light, their incorporation into porous materials can aid light scattering within them. 39a As a result, greater light scattering and harvesting can amplify the photocatalytic efficiency, a fact which has been proven in different studies. For instance, hierarchical materials with flower-like morphologies (see Fig. 3 ), made up of mesoporous located within the nanosheets, and larger macro/mesoporous in the spacing between consecutive nanosheets, have been synthesized for photocatalytic applications. These solids have demonstrated superior photocatalytic activities, when compared with homologous mesoporous materials. In Fig. 3 , a 3D in situ N-doped (BiO) 2 CO 3 flower-like architecture is shown. This material was proved to be an efficient photocatalyst in the removal of NO in indoor air under both visible light and UV irradiation, with a higher activity than the material in particulate form. 58 Other examples of the photocatalytic enhancement in hierarchical materials are, a TiO 2 with a chrysanthemum-like morphology which has recently been reported to have a higher photoactivity for the degradation of methylene blue than the same material after grinding, 59 and macro/mesoporous ZnO doublepyramids synthesised by an ultrasound-assisted approach that present a better photocatalytic activity in the degradation of organic dyes than irregular ZnO. 60 Another application in which hierarchical materials have shown a superior performance over other morphologies is in energy storage technologies. Low density, ultraporous 3D nanoarchitectures combine a high surface area for heterogeneous reactions with a continuous and hierarchical porous network for rapid molecular flux. They therefore present the appropriate electronic, ionic, and electrochemical requirements for, among other uses, Li-ions batteries, supercapacitors and solar thermal storage systems. Excellent reviews about hierarchical materials for energy conversion and storage 61 and specifically for lithium batteries, 62 have recently been published. Regarding Li-ion batteries (LIBs), their desired performance characteristics can have opposing requirements with the micro/ nano-structure of electrodes. This problem can be solved using hierarchically designed electrodes, tailored to satisfy these conflicting requirements. For instance, novel porous NiO hollow microspheres prepared by an ultrasound-assisted template-free route and composed of loosely packed nanoparticles with diameters around 30-80 nm, see Fig. 4 , showed an enhanced electrochemical performance when evaluated as an anode material for LIBs. Their good lithium-storage performance can be attributed to their unique porous architecture, which provides the structural flexibility for volume change and the routes for fast Li + diffusion. 63 Many other hierarchical materials have been used in energy storage applications; indeed it is one of the most interesting applications of such materials. Transition-metal oxides have exhibited a high capacity for reversible lithium storage 64 while structured carbon materials show an excellent performance as supercapacitor electrodes. 65 The impressive potential of hierarchical materials in energy storage devices will be carefully reviewed later on.
Nanocasted mesoporous materials
Whilst their attractions are obvious, there are some limitations to the use of soft templates for the synthesis of transition metal mesoporous oxides. The hydrolysis and condensation of transition metal alkoxides is not as easy to control as that of silicon alkoxides. For this reason, non-siliceous mesoporous materials prepared via direct templating show, in most cases, low order, low crystallinity and poor stability. 66 One strategy that can overcome these limitations is nanocasting. Nanocasting is a procedure where nanoscale moulds are used to prepare solids replicating those moulds. Fig. 5 shows a schematic representation of the nanocasting procedure. A 3D-interconnected porous solid is used as a hard template and the desired material is synthesised in its porous system using a suitable precursor and the necessary chemistry. Once the solid is prepared, the removal of the hard template gives the required porous material as a negative replica of the initial template. For a more comprehensive revision of the synthetic methods and applications of these nanocasted solids, readers are directed to ref. 67 . Following this approach, and with the appropriate experimental conditions, the nanocasting of carbons and metal oxides into meso-and macro/mesoporous silicas has been extensively studied, while nanocasting of metals is less common.
68 Nanocasting offers a different way to prepare mesoporous and hierarchical materials, but the applications of the resulting materials are the same as have been mentioned above. Next some examples of nanocasted mesoporous solids used for energy applications are shown. As has been already mentioned, structured porous carbons are one of the most interesting materials for energy storage. Their excellent chemical, mechanical and thermal stability, coupled with good conductivity and a high surface area, makes them ideal electrode materials for supercapacitors or batteries. A typical application of hierarchically porous carbon in LIBs was shown by Stein and co-workers (Fig. 6) . 69 They used a twostep procedure to synthesise hierarchically structured carbon monoliths. Firstly, a hierarchical silica monolith was prepared using poly(methyl methacrylate) (PMMA) colloids as templates for the macropores and silicate/poly(oxyethylene) surfactant solutions as precursors for the mesoporous walls. Once calcined, the macro/mesoporous silica monolith was used as a silica template to produce carbon monoliths with similar structural hierarchy by a nanocasting procedure. The resulting carbon monoliths maintained the open, interconnected macropore structure of the preform and the mesoporosity of the skeleton, which provided a high surface area >1200 m 2 g À1 to the material.
Next, more graphitic, nitrogen-doped carbon was introduced into the mesopores via CVD, producing a monolithic nanocomposite material, 3DOM/m C/C (not shown in Fig. 6 ). This composite material was more resistant to forming a solid-electrolyte interface layer and had a greater lithium capacity at high charge and discharge rates, when compared to the same material without template mesopores and walls consisting only of amorphous carbon.
Regarding transition metal oxides, among the different oxides studied, cobalt oxide has demonstrated an excellent electrochemical performance in terms of specific capacity and 71 Differing from other morphologies like powders, where the specific capacity decreases when the current density is increased, these mesoporous electrodes exhibited almost the same specific capacity, 300 mA h g
À1
, at high and low current densities.
The extraordinary performance (long-term cyclability and high-current performance) of these mesoporous Co 3 O 4 materials should be attributed to the highly ordered mesoporous structure (see Fig. 7 ), in which the electrolyte can easily diffuse into the mesopores. 72 
Biomimetic mesoporous materials
Over the past decade, bioentity immobilisation has opened up a new way to explore the potential energy applications for the integration of biological systems into electronic devices: chiefly in biofuel and the mitigation of CO 2 for environmental purposes. For an intensive study of this approach, the readers' attention is drawn to the outstanding review published by the group of Prof. Meunier in 2011. 73 The term 'biomimetic', coined by Otto H. Schmitt in 1969, refers to the process of comprehending and applying biological principles to man-made design. 74 Later, IUPAC defined 'biomimetic' as 'a compound that mimics a biological material in its structure or function,' and additionally, as 'a laboratory procedure designed to imitate a natural chemical process'. implanting biomimetic active sites into stable MOFs. Maspoch et al. 90 highlighted the advances in the synthesis of metalbiomolecule frameworks (MBioFs). In any case, these approaches are focused far away from the concept which is discussed herein, of 'biomimetic' materials as sacrificial templates for energy applications.
Hybrid mesoporous materials
Previous sections are devoted to the synthetic methods and properties of mesoporous/nanostructured/hierarchical materials for potential applications in clean energy technology. In general they owe their promise to (i) their high surface area, needed for efficient electrochemical reactions in fuel cells and Li-ion batteries, as well as for attaching a broad spectrum of sensitizers, both organic and inorganic to DSSC and quantum-dot sensitized solar cells; and (ii) their improved diffusion, i.e. a fast electrolyte-surface diffusion of the electrochemically active materials in solar cells, fuel cells and batteries, and a shorter solid state diffusion path for the Li ions in batteries. 7 Usually, the incorporation of active sites into mesoporous materials is essential to their application and thus the success of the synthetic route will determine the efficiency of the solid when used in a device. The role of the incorporation of functionality into mesoporous solids, and of mesoporosity itself, in device performance in fuel cells is highlighted in Section 4.1. Additionally, the use of mesoporous hybrid TiO 2 , SiO 2 , SnO 2 and ZnO-based materials for clean photocatalytic energy technologies and for mesoporous advanced solar cells will be carefully discussed in Sections 3.7 and 4.2, respectively. This section, on the other hand, will seek to summarise existing synthetic strategies for obtaining hybrid mesoporous solids, for the aforementioned applications. Examples of materials which have already found uses in these areas are given as an illustration.
Most of the techniques for the incorporation of functionality in mesoporous solids are based on post-synthetic treatments of preformed solids, which usually lead to a partial blocking of the mesoporosity and a poor control of the location and geometry of the active phase. Traditionally, supported oxide catalysts have been prepared by ion exchange, wet impregnation, depositionprecipitation or chemical vapour deposition. More efficient postsynthetic techniques are atomic layer deposition and grafting. The latter technique also includes so-called organometallic grafting, 3 ] m (L n = alkoxide, amide, alkyl ligands) as organometallic precursors that, having been cleaved thermolytically, are able to react with hydroxyl groups of the surface of the oxide support. 91, 92 More recently, a new strategy has been developed to introduce a wide range of functionalities in mesoporous materials: the so-called 'sol-gel coordination chemistry' (Fig. 9) . 8 Inspired by periodic mesoporous organosilica (PMO) hybrid materials, this approach is based on the in situ incorporation of chemical functionality through its co-condensation with the metal oxide precursor during the sol-gel process. The corresponding metal complex or nanoparticle is modified with terminal trialkoxysilane groups for its co-condensation with a silica source and in the presence of an adequate surfactant. In this manner, mesoporous hybrid materials containing a wide variety of functionalities, including metal nanoparticles, metal complexes, clusters, organic molecules and dyes, as well as other homogeneous catalysts have been synthesised. In addition to silica, other mesoporous solids such as PMO and TiO 2 have been used as supports. In all cases, it has been proved that higher surface areas and enhanced yields are possible with this method, as well as precise control over the pore structure and surface chemistry of mesoporous materials. 93, 94 As an example of a hybrid mesoporous material with applications in energy-related technologies, mesoporous titania is the most common material used as the working electrode (WE) in DSCCs, and it is usually prepared by post-synthetic methods; the TiO 2 is synthesised by using hard-template or soft-template approaches, and the dye is usually incorporated by the impregnation and/or immersion of TiO 2 in a solution of the complex to incorporate, by interactions between the carboxylic groups of the metal complex with the TiO 2 surface. 7, 34 Different examples of the above hybrid porous titania and its performance are given in Sections 3.7 and 4.3.
As far as the sol-gel coordination chemistry approach is concerned, Rico-Santacruz et al. 93 recently reported the synthesis of a novel hybrid mesoporous titania-N3 dye with high organic content (up to 50%) and a surface area of ca. 250 m 2 g
À1
, without the need of surfactants (and calcinations), using only water and ethanol as a solvents. This method allows for overcoming the drawbacks of traditional titania, keeping the textural properties of unmodified titanias but with a considerable improvement of the photocatalytic properties in comparison with both the unmodified one and the one prepared by the grafting of the dye on the pre-existing mesoporous titania. potential applications in energy technologies is that of the metal-organic framework materials (MOFs). Porous materials are often classified as two groups: inorganic and carbon-based materials. MOFs represent a family of materials that bridges these two classes of porous materials. [95] [96] [97] This emerging class of materials, sometimes called porous coordination polymers (PCPs), are thus organic-inorganic hybrid solids with infinite, uniform framework structures built from organic linkers and inorganic building blocks, that exhibit micro-to meso-sized cavities and/or open channels, which are arranged regularly in a crystal lattice. [95] [96] [97] The combination of their gas storage/capture performance at room temperature with the simplicity of their synthesis makes MOFs ideal candidates for clean energy technologies. The most relevant parameter for those applications is the surface area per volume ratio as well as their stability. [96] [97] [98] Non-mesoporous MOF-5 has one of the highest reported values of surface area per volume ratio, ca. 2200 m 2 cm À3 . 98 Despite such high surface to volume ratios, pores larger than 2 nm are required to expand the application of MOFs, to areas such as macromolecular catalysis or separation. Thus, the expansion of these structures into the mesoporous range could herald the MOFs' coming of age in the industry. 96, 97, 99 Mesoporous metal-organic framework is a term denoting MOFs with pores ranging between 2 and 50 nm, as defined by IUPAC for other mesoporous materials. However, the pores of these novel solids encompass not only channels but also the cavities of the material. Thus few mesoporous MOFs have a type IV isotherm. 97 Adsorption in these materials is governed by the size of the accessible channel into the pore, i.e. micropores with the typical type I isotherm. A second uptake then takes place in which microporous windows open to mesoporous cages, leading to type I isotherms with a second uptake in most cases, as shown in Table 2 .
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In 2012 Cui et al. 95 published a tutorial review which covers new advances in the field of mesoporous metal-organic framework (mesoMOFs). The review covers the design and synthesis of mesoMOFs, their porosity activation and surface modification, as well as their potential applications in storage and separation, catalysis, drug delivery and imaging. It is accepted that novel mesoMOF materials can be synthesised following different strategies, although the solvothermal technique is the most common.
As an example, Fig. 10 shows the synthesis of a mesoporous MOF through surfactant-assisted synthesis, as an efficient softtemplating approach to mesoporous silicates.
Zhou et al. classified mesoporous MOFs as five different types: those with 3D channels; those with 1D channels; mesoporous ZIFs (from zeolite imidazolate frameworks) with large cavities; mesoporous MOFs based on supramolecular templates and lastly, mesoporous MOFs with large cavities, the final group being the most common type of MOFs found. [101] [102] [103] [104] [105] [106] [107] [108] [109] [110] [111] [112] [113] [114] [115] the most representative of which are summarised in Table 2 . For example, Zhou et al. 101 reported the first example of a mesoporous MOF exhibiting a type IV adsorption-desorption isotherm, mesoMOF-1, by using TATAB (4,4 0 ,4 00 -s-triazine-1,3,5-triyltri-p-aminobenzoate) as an organic linker and acids (HX, X = F, Cl, Br) to stabilise the meso-channels (mesoMOF-HX). Yaghi et al. 109 synthesised ZIF-95 and ZIF-100, two mesoporous MOFs that can selectively capture CO 2 from several different gas mixtures with methane, CO or nitrogen, at room temperature. Recently, the same laboratory expanded the original phenylene unit of MOF-74 to prepare a series of mesoporous materials, namely IRMOF-74-I to IX, with pore apertures ranging from 1.4 to 9.8 nm, the latter figure being the highest ever reported in the literature. 112 Farha et al. 113 synthesised two mesoporous MOFs, NU-109 and NU-110 (Northwestern University), with BET areas ca. 7010-7140 m 2 g
À1
. These BET values are the highest of any porous materials reported to date, even superseding the area of the previously synthesised NU-100 114 and MOF-210 (see Fig. 11 ).
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The surface area of a football pitch is about 7000 square metres, which means that every gram of the last four mesoporous MOFs has almost the same surface area as a football pitch. MOF-210 and NU-100 exhibited hydrogen adsorption as high as 7.9 to 9.0 wt% at 56 bar. The former is increased up to 15 wt% at 80 bar ( Fig. 11 ) 114, 115 . These values are higher than the targets of the U.S. Department of Energy (DOE) for hydrogen adsorption À5.5 wt% and 40 g l À1 of volume capacity at a operating temperature of À40 1C to 60 1C under a maximum delivery pressure of 100 atm. 116 Mercedes-Benz has already deployed MOF hydrogen fuel tanks in a fuel cell-powered demonstration model, the F125.
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These are just a few examples of the possible application of these mesoporous materials in clean energy technologies, as shown in Fig. 12 . The use of these novel materials in clean energy technologies, including catalysis, will be discussed in the following sections.
Mesoporous catalysts for clean energy technologies
3.1. Biofuels production and upgrading with mesoporous catalysts 3.1.1. First and second generation biofuels. Biomass is considered by experts as the only sustainable source with the potential to displace petroleum in the production of chemical and liquid transportation fuels. Biofuels (e.g. biodiesel, bioethanol and biogas) produced from renewable sources could help to reduce the burning of fossil fuels and lower CO 2 emissions. Their mitigation of global warming comes from the fact that CO 2 released in burning biofuels equals the CO 2 tied up by the plants during photosynthesis and, consequently, does not increase net CO 2 in the atmosphere.
From a plethora of biofuels, bioethanol and biodiesel alone have been commercialised worldwide for transportation uses. The Directive 2003/30/EC on the promotion of the use of biofuels or other renewable fuels established for state members of the European Union a goal of 5.75% share of renewable energy in the transport sector for 2010, this share rising to a minimum of 10% in every member state in 2020 (Directive 2009/28/EC). Biofuels must contribute to CO 2 reductions of 50% by 2017. Other countries, including the U.S., Canada, Japan and Australia have adopted similar policies for the use of biofuels over the next few years. At this point it is important to highlight that the EU is the world leader in the production of biodiesel (European demand in biodiesel could increase up to 10 million tons per year by 2010) whereas the US is the biggest ethanol producer worldwide.
Among the different biomass sources, edible biomass feedstocks (e.g. sugars, starches and vegetable oils) were initially proposed for the large scale production of biofuels or biochemical compounds, the so-called ''first generation'' biofuels. However, important concerns arise about the impact of edible feedstock on biodiversity and land use (possible deforestation), as well as their high production cost and competition with food crops (there is a strong argument that increases in food prices are due in part to this competition between food and fuel). 118 Newer biofuels, the so-called ''second generation'' biofuels, offer the potential to avoid the aforementioned drawbacks of edible biomass resources. Nonedible biomass resources (e.g. lignocellulosic feedstocks) could achieve a sustainable production of fuels and chemicals without affecting food supplies or forcing extensive changes in land use. Additionally, second generation biofuels are expected to be superior in terms of energy balance, land requirement and competition with food crops, and greenhouse gas emission reduction. In order to evaluate the possible use of biomass derivatives in the production of biofuels in a biorefinery, the US DOE has selected so-called platform molecules, which include organic acids (e.g. succinic acid, lactic acid, etc.), polyols (e.g. glycerol, sorbitol, etc.) and others (e.g. bioethanol, furans, etc.). The processing of these renewable biomass derivatives in a biorefinery requires the design of new catalytic strategies taking into account the fact that these biomass derivatives exhibit a rich surface chemistry (high degree of oxygenated groups), are water-soluble, highly reactive and have low volatility, when compared to conventional petrochemical feeds (these systems must be designed for aqueous-phase processing in mild conditions). The processing of biomass feedstocks in biorefineries is seen as a challenging procedure, with multiple steps, because of the complex chemical composition of the feedstocks. Chemical processes using inorganic acid and base catalysts play a crucial role, for example the trans-esterification of vegetable oils with methanol in the production of biodiesel, or the hydrolysis of cellulose to fermentable sugars, etc. However, homogenous acid or base catalysts have significant drawbacks, mainly associated with the neutralisation and separation of catalysts from the reaction products. In this sense, the design of new solid catalysts with a proper porous structure can be envisaged as a promising alternative not only in terms of the processing and production cost (recovery and reuse of the solid catalyst at the end of the reaction) but also for the control of the reaction pathways in the production of the new biofuels from biomass.
In the following sections we will focus on some mesostructured materials which are envisaged to be promising candidates for the biomass conversion processes, both for first and second generation biofuels production, as well as the conversion of platform molecules to value-added products. The presence of complex reaction intermediates in biorefineries will make mesoporous materials extremely important as catalyst supports, able to control the preferred reaction pathways via pore diameter.
3.1.2. Catalytic strategies for the processing biomass feedstocks and its derivatives 3.1.2.1. Bioethanol processing. Ethanol is usually converted by the fermentation of edible-biomass aqueous sugars. Bioethanol produced from biomass is included as an additive in the formulation of gasoline in low concentrations (e.g. E5-15) due to the limitations of current spark-ignition engines. High-concentration blends (e.g. E85) will require newly designed engines, designed as flexible-fuel vehicles (FFVs). Besides being used as an additive or as a fuel, bioethanol has enormous potential as a chemical feedstock to produce renewable hydrogen via steam reforming or chemicals (e.g. ethylene, acetaldehyde, acetic acid, etc.) A number of reactions, dehydration, dehydrogenation, oxidation and so on, might be used in this case. These processes require the design of proper catalysts with porous structures, acid-base properties and thermal/catalytic stability under harsh temperature conditions.
One of the main conversion processes for bioethanol concerns the production of C 3 derivatives such as propene oxide, acrylonitrile and polypropene. Conventional catalysts like zeolites and metal oxides come with the dual caveat of a low catalytic activity and lifetime. Although the shape selectivity in acidic zeolites favour the formation of C 3 and C 4 derivatives, coke formation gives rise to strong deactivation processes. [119] [120] [121] Recent studies from Iwamoto et al. using Ni-MCM41 materials have shown that mesoporous silica materials exhibit an improved stability towards coke formation together with a higher water resistance under reaction conditions compared to conventional zeolites. 122 Although the selectivity to C 3 and C 4 derivatives is low on these mesoporous systems, the selectivity increases for low space-velocity. A similar low selectivity towards higher hydrocarbons (C 5 -C 12 derivatives) has been reported for H-ZSM-5 nanocrystals deposited on Al-MCM-41. 123 While conventional ZSM-5 exhibits a significant selectivity towards liquid hydrocarbons, mesoporous H-ZSM-5/ Al-MCM-41 led to the formation of ethylene with a 100% ethanol conversion.
Another important reaction involving ethanol is steam reforming to carbon dioxide and hydrogen. Traditionally this reaction has been performed using noble metal catalysts (e.g. Pt, Rh, Pd) and transition metals (Co and Ni) supported on oxide supports (Al 2 O 3 , MgO, SiO 2 , CeO 2 , etc.). [124] [125] [126] [127] Unfortunately, these catalysts have two important problems, their deactivation owing to coke formation, and the low selectivity to hydrogen (the main reaction products being unwanted carbon monoxide, acetaldehyde, acetone and methane). An improved performance in terms of the catalytic activity and selectivity to hydrogen has been observed in mesostructured materials. Their controllable pore size allows the accommodation of small size metal nanoparticles (large metal ensembles are related with coke deposition and nanofibers growth). In this manner, Gac and co-workers described an improved catalytic behaviour using a Co 3 O 4 /MCM-48 catalyst synthesised by the nanocasting approach. 128 Mesoporous
Co-Si catalysts exhibit an ethanol conversion of 100% at 420 1C with a hydrogen selectivity higher than 80%. A high selectivity for hydrogen (above 70%) was reported by Carrero and co-workers on Cu-Ni/SBA-15 catalysts although at a slightly higher reaction temperature (600 1C). 129 The metal content, metal particle size, Ni/Cu ratio and the preparation conditions (Cu/Ni framework species or deposited metal nanoparticles) have been proposed to define the final hydrogen selectivity. Interestingly, both the hydrogen selectivity and catalyst lifetime can be highly improved in mesoporous Cu-Ni/ SBA-15 catalysts by incorporating basic promoters such Ca and Mg (0-20 wt%) that inhibit ethanol dehydration to ethylene and subsequent coke formation. 130 More examples of ethanol steam reforming with mesoporous catalysts can be found later on, in the hydrogen production section.
3.1.2.2. Catalytic strategies to produce biodiesel. It is hoped that in the near future, biofuels will begin to mitigate the large consumption (and side-effects) of petroleum-based fuels for transportation. Biodiesel represents a major candidate for achieving this end. Biodiesel is a mixture of fatty acid methyl esters (FAME) produced by the trans-esterification of triglycerides with an alcohol (e.g. methanol), using a homogeneous acid or base catalyst. Different heterogeneous catalysts (basic zeolites, alkaline earth metal oxides and hydrotalcites) have been evaluated for the trans-esterification of vegetable oils as replacements for the current homogenous base catalysts. 131 CaO has been the most widely tested base catalyst for the trans-esterification of various vegetable oils such as soybean, rapeseed and sunflower oils. 132, 133 Microporous solid catalysts (titanosilicate ETS and zeolite b) were unable to carry out mass transfer adequately; giving rise to their poor catalytic performance compared to non-porous solid catalysts. Indeed non porous examples, such as Amberlyst-15 and Nafion NR50, exhibit a promising catalytic activity compared to homogenous catalysts. Similarly, Suppes and co-workers studied the trans-esterification of soybean oil with methanol using a series of zeolites and metal catalysts. 134 The catalytic measurements show that zeolite ETS-10 gives a higher conversion than the zeolite-X catalysts, the increase being attributed to the higher basicity and improved intra-crystalline diffusion afforded by ETS-10's larger pore diameter. In general, zeolites performed better than metal oxides and also homogenous catalysts in the trans-esterification of soybean oil. Taking into account the aforementioned diffusional limitations when dealing with high molecular weight reactants, mesoporous silica materials could have an advantage over microporous zeolites in the production of biodiesel because the mass transfer resistance and diffusion limitations can be significantly reduced. Indeed, the deposition of calcium oxide on different mesoporous silicas (SBA-15 and MCM-41) gave rise to improved catalysts for the trans-esterification of sunflower oil and castor oil with methanol. 135 A sample containing 14 wt% CaO on SBA-15 was the most active catalyst, reaching a conversion as high as 95% with sunflower oil (after 5 h of reaction) and 65% for castor oil (after 1 h).
Interestingly, these catalysts showed no lixiviation of the active phase under the reaction conditions, in contrast to commercial CaO.
Li and co-workers investigated mesoporous silicas (MCM-41, KIT-6 and SBA-15) loaded with MgO as a base catalyst, for the transesterification of a blended vegetable oil with ethanol to produce biodiesel. 136 Among all catalysts, MgO-impregnated SBA-15 exhibited the highest catalytic activity for the production of biodiesel, achieving a conversion as high as 96% within 5 h. Similarly, Abdullah and co-workers achieved very active catalysts by the deposition of potassium on SBA-15 using conventional impregnation methods. The K/SBA-15 catalyst attained an optimum biodiesel yield of ca. 87% at 70 1C. The excellent performance of these systems was attributed to a high surface area, tuneable mesopore size and high thermal stability. 137 Corma and co-workers performed the glycerolysis of triolein and rapeseed oil using different base catalysts such as mesoporous Cs-MCM41, Cs-sepiolite and hydrotalcites. The final catalytic activity was defined by the strength of the basic sites and not by the porous structure. 138 The final conversion achieved was as high as 92% for hydrotalcite, versus 26% on mesoporous Cs-MCM41, with a high selectivity to monoolein (78% and 46%, respectively). Despite the excellent results reported in the literature for heterogeneous acidic or basic catalysts in biodiesel production processes, their catalytic performance is still far from that of the conventional catalysts (NaOH, H 2 SO 4 , etc.). Furthermore, heterogeneous base catalysts are still very sensitive to the free fatty acid (FFA) content in the oil. Consequently, the design of new porous catalysts is required, bearing in mind not only the acid or basic site strength but also the available active surface and tolerance to high FFA content oil at mild reaction conditions. Another method in biodiesel processing where mesoporous catalysts may be desirable is the use of coproduced glycerol for the synthesis of oxygenated fuel components. This is described in the next section.
3.1.2.3. Glycerol conversion. One of the main by-products of biodiesel production by the trans-esterification of vegetable oils (and residual oils and fats), is glycerol. The valorisation of this highly versatile molecule into valuable chemicals, using greener catalytic processes, presents several alternatives: (i) glycerol esterification with acetic acid or trans-esterification with methyl acetate to obtain glycerol triacetate (triacetin), [139] [140] [141] [142] (ii) glycerol etherification with different aryl/alkyl alcohols to produce a wide variety of substitute ethers, 139 (iii) glycerol oxidation with an oxygen donor substrate to produce glyceric and glycolic acids as major products, 139, 143, 144 and (iv) glycerol dehydration on solid acid catalysts to give acrolein and hydroxyacetone. 145 Where glycerol esterification and etherification are concerned, the number of studies dealing with the effect of mesoporosity is rather scarce. These reactions are traditionally performed using solid acid catalysts, and the selectivity towards the different reaction products (mono-, di-and tri-esters or the corresponding ethers) is highly sensitive to the reaction conditions (substrate/ acid or alcohol ratio, reaction time, amount of catalysts, etc.), the acid strength of the support and the presence of microwave radiation. [134] [135] [136] [137] Di-and tri-derivatives are valuable petrol fuel additives which give enhanced viscosity properties when blended with diesel fuel or antiknocking properties when added to gasoline. Interestingly, Luque and co-workers confirmed the considerable effect of the pore size not only on the final conversion but also on the selectivity towards different reaction products. 139 As can be observed in Fig. 13 , the mesoporous Starbon acid catalyst exhibits an improved catalytic activity compared to traditional solid acid catalysts (e.g. sulfated zirconia) with an unprecedented high selectivity to the triacetylglycerol. A similar improvement in terms of the conversion values (95%) and selectivity was observed for mesoporous Starbon acid carbon in the etherification of glycerol with a high selectivity to the monoether in the 1-position compared to the monoether in the 2-position (5/1). 139 Using sulfonic-acid functionalised mesostructured materials (SBA-15), Melero and co-workers found that glycerol conversion in the esterification of glycerol, to yield acetylated derivates, was higher with acetic acid than conventional acid catalysts. The total conversion reached by mesoporous materials was ca. 90% with over 80% selectivity to diacetylglycerol and triacetylglycerol. Significantly, the reaction activity was highly sensitive to the acid strength of the sulfonic acid groups: propylsulfonic o arenesulfonic o fluorosulfonic. 142 For the selective liquid-phase oxidation of glycerol, noble-metal supported catalysts have been much investigated for their catalytic activity and selectivity. Using molecular oxygen as an oxidant, carbon-supported Pt and Pd nanoparticles have demonstrated a good catalytic activity, as well as selectivity for glyceric acid. 146, 147 The nature of the metal nanoparticles (Pd or Pt), the pH of the reaction media and the presence of secondary species (e.g. Bi) exhibit a large influence not only on the catalytic activity but also on the final selectivity. The oxidation of the secondary hydroxyl group of glyceric acid to yield dihydroxyacetone was preferred under acidic conditions and after the incorporation of bismuth on platinum nanoparticles (Scheme 1).
While various studies have demonstrated the influence of the noble-metal particle size on the catalytic activity, selectivity does not seem to correlate with the size of the nanoparticles. [148] [149] [150] Indeed, Villa and co-workers confirmed that Au particle size had a negligible effect on the final selectivity when using MgAl 2 O 4 spinels as a support and molecular oxygen as the oxidant. 151 By using spinels with a different surface compositions (Al/Mg ratio) and apparent surface areas, these authors anticipated the important role of the textural and chemical properties of the support in the selectivity of the oxidation reaction. This point was further confirmed by McMorn and co-workers 143 and Rodrigues and co-workers. 144 Apparently, wide mesopores favour the formation of partial-oxidation products (glyceric acid and glyceraldehyde) while narrow pores can lead to an easier overoxidation of the primary products (oxalic acid and formic acid), independently of the catalyst and reaction conditions used. Indeed, the partial-oxidation products (mainly glyceraldehyde, dihydroxyacetone and glyceric acid) are the main reaction products when titania-silica materials with a large pore size (up to 15 nm) are used. It would seem that narrow micropores favour slow diffusion of the reaction products, giving rise to over-oxidation reactions, while an increase in the pore size decreases diffusion limitations, and partially oxidised products are observed. The effect of the pore size on the final selectivity is clearly illustrated in Fig. 14 using Au nanoparticles supported in different carbon xerogels. 144 Whereas carbon xerogels with a Fig. 13 The catalytic activity and selectivity of different solid acids in the esterification of glycerol with acetic acid.
Scheme 1 Different reaction paths for the selective oxidation of glycerol. narrow pore size favour the formation of highly oxidized products (mainly glyceric acid (GLYCEA), glycolic acid and tartronic acid), an increase in the pore size diameter from 5 to 20 nm leads to a progressive shift in the product selectivity towards partiallyoxidized dihydroxyacetone (DIHA).
Besides diffusion limitations, the higher selectivity towards DIHA of larger pores has been explained by the requirement of a larger void space inside the nanocavities (e.g. adsorption mode of the glycerol molecule). A similar observation on selectivity towards DIHA was described for Au nanoparticles supported on MWCNTs, which contained a larger proportion of mesopores than similar nanoparticles supported on a microporous activated carbon. 152 In summary, it is clear that the liquid-phase oxidation of glycerol is highly influenced by diffusional limitations, with mesoporous materials being preferred in order to avoid undesired over-oxidation reactions.
Another reaction where the role of mesoporosity is crucial is the dehydration of glycerol to hydroxyacetone and acrolein in the presence of acidic catalysts. Using mesoporous aluminophosphates which incorporated transition metal-ions (e.g. Cr(III), Cu(II) and La(III)), Liu and co-workers observed the good performance of these systems in terms of the glycerol conversion (as high as 99%) and selectivity to acrolein (ca. 80%). 145 Interestingly, the selectivity and conversion of glycerol was sensitive to the reaction temperature, the textural characteristics of the support and the Cr/Cu molar ratio.
Mesoporous materials in gas-to-liquid conversion
Natural gas is considered as an alternative to petroleum for the production of chemicals and as clean(er) liquid fuel. Natural gas reserves are more plentiful than those of petroleum, making the conversion of natural gas to value-added chemicals (gas to liquid (GTL) technology) an attractive proposition. There are two approaches for achieving that conversion, the direct one, from natural gas itself, and the indirectly route, via synthesis gas (syngas) or methanol. Of these approaches, the indirect route is the more commercialised technology. One of the main steps in the conversion of natural gas is the activation of the methane molecule using heterogeneous catalysts.
The direct conversion of natural gas involves multiple reactions, including pyrolysis -to produce hydrogen and carbon nanotubes, methane dehydro-aromatization -giving higher hydrocarbons (benzene, toluene, etc.), and direct oxidative conversions -to ethane, methanol and formaldehyde. 153 Concerning methane dehydroaromatization (MDA), Su and co-workers found an improvement in the conversion of methane to aromatics using Mo catalysts supported on modified HZSM-5. 154a The unique selectivity to aromatics and the stability of the catalysts, which were derived from alkali-treated ZSM5, was attributed to the coexistence of mesopores which enhance the diffusion of the reaction products (aromatics) and inherent micropores in the zeolite that are the active sites for aromatics formation. Similar results were obtained by Chu and co-workers using an unusual hierarchical ZSM5 developed by the assembly of many French fry-like crystals using SBA-15 as the silica source. Mo nanoparticles supported on modified ZSM5 resulted in a higher methane conversion and a stronger coking-resistance compared to the conventional Mo/ZSM5 catalyst. The higher resistance to deactivation by coke formation is due, according to Martinez and co-workers, to the presence of intracrystalline mesopores that allow more coke to be formed while keeping the active sites (acidic sites) in the 10-ring channels of the zeolite active for aromatization. 155 ) together with a small amount of carbon dioxide.
The indirect conversion of methane involves a first step to syngas followed by conversion of this syngas to the desired product (e.g. methanol) or the further conversion of methanol to value-added products.
For the methane reforming reaction to syngas, mesoporous catalysts have been mainly applied to control the size of the supported active species by the diameter of the pores. In this way, Ni nanoparticles supported on mesoporous nanocrystalline ZrO 2 showed a high catalytic activity and an improved lifetime under low temperatures and high carbon dioxide to methane ratios. 159 The synthesised syngas can be converted into higher hydrocarbons or oxygenates with predominantly straight carbon chains via Fischer-Tropsch (FT) synthesis. The formation of hydrocarbons via FTS is a surface-catalysed polymerisation reaction which proceeds via a modified carbene mechanism on bifunctional catalysts, i.e. active species (Fe, Co, etc.) for FTS supported on acidic zeolites. However, the lack of sufficient external surface area makes the use of mesoporous materials very attractive due to the high metal loading required. Mesoporous materials allow an optimum dispersion of the active species together with improved transport properties which increase the selectivity towards liquid hydrocarbons. 160a-c Sartini and co-workers compared the catalytic behaviour of Co/mesoH-ZSM5 catalysts in FTS with conventional Co/SiO 2 .
160d After 140 h of reaction, the former was twice as active and three times more selective to the C 5 -C 11 fraction with a large content of unsaturated hydrocarbons.
With
of a supported copper catalyst, Cu/ZnO/MCM48, with the typical copper catalyst, the former having a fourfold higher surface area and a fivefold higher copper content. According to these authors, the formation of confined nanocrystalline ZnO species on the mesoporous channels of MCM-48 prior to copper impregnation is of major importance to achieve a large catalytic activity. 161a,b Methanol dehydration to dimethyl ether (DME), as a new synthetic fuel, is another interesting process to substitute diesel or liquefied petroleum gas. Traditionally, methanol dehydration has been performed over acidic catalysts such as zeolites. However, the microporous nature of zeolites does not allow a proper diffusion of DME causing a fast loss of activity and selectivity. Tang et al. reported a micro-mesoporous ZSM-5/MCM-41 composite molecular sieve prepared by combining a microporous zeolite silica source with nano self-assembly methods for the catalytic dehydration of methanol to DME. 162a The synthesised catalyst
showed an excellent catalytic behaviour, with a methanol conversion of 86.6%, a selectivity to DME of 100% and a long catalyst lifetime better than the parent ZSM-5 catalyst. Similarly, Cho and co-workers reported a higher methanol conversion, lower selectivity to hydrocarbons and a slower deactivation for mesoporous LTA zeolites compared to the conventional CaA microporous zeolite. 162b Unfortunately, the selectivity to DME was larger in the conventional CaA zeolite. Another important process for methanol concerns its conversion to hydrocarbons and gasoline (methanol to hydrocarbon MTH and methanol to gasoline MTG). These processes play an important role in the conversion of biomass, coal, natural gas and CO 2 to liquid hydrocarbon fuels which can be tuned to produce gasoline-rich or olefin-rich products depending on the catalyst and the reaction conditions. The reactions are catalysed by shape-selective solid acid catalysts, such as zeolites. Due to the limited growth of the hydrocarbon chains inside the zeolite cavities as a result of steric hindrance, nanozeolites have been proposed as a potential replacement to avoid the aforementioned drawbacks. In this sense, nanoscale HZSM5 crystals have shown a higher activity, a lower coke content and a better stability in the conversion of methanol to hydrocarbons compared to conventional, larger zeolitic crystals. 163a Another approach to minimize kinetic limitations is the use of mesoporous catalysts. Bjorgen and co-workers studied the methanol to gasoline reaction on HZSM5 zeolite chemically treated with NaOH to develop mesoporosity. 163b The catalyst lifetime increased by a factor of 3.3 on the desilicated zeolites and the selectivity towards the gasoline fraction (C 5+ ) was increased by 1.7. It seems that the hydrogen transfer reaction was faster in the modified samples and led to more aromatic and paraffinic compounds in the product. A similar improvement in the catalyst lifetime was reported by Kim and co-workers using a series of mesoporous MFI zeolites during the methanol to hydrocarbon conversion. 163c While the catalyst's activity is related to the acid site density, the catalyst's stability (deactivation rate) correlates with its mesoporosity.
163d,e
Mesoporous catalysts exhibit an improved stability due to the faster removal of products with a shorter diffusion path-length and lower coke formation in the conversion of methanol to gasoline-range hydrocarbons.
The catalytic production of hydrogen
Interest in hydrogen production has grown inexorably in recent times. Some reviews have been published on this topic. [164] [165] [166] [167] As it is known, hydrogen has emerged as a strategic clean energy carrier for both transportation and stationary applications. It is considered to be one of the best alternative fuels due to its abundance and non-polluting nature when used in fuel cells. In fact, hydrogen conversion in fuel cells efficiently generates energy, producing water as the only residue. 168, 169 Hydrogen is the most abundant element in the universe and it is also the major constituent of Earth. However, it does not occur in a significant amount as a free H 2 molecule, but it is mainly found in the form of water or biomass. Nowadays, nearly 95% of the total hydrogen supply is produced from fossil fuels, mainly by methane steam reforming. However, applications of hydrogen in the transportation sector or to regulate the generation of renewable electricity are still a hot research topic, because of the techno-economical limitations and competition with other technologies. Catalytic technologies are expected to play an essential role in enhancing the yield and the energy efficiency. Ordered mesoporous materials are starting to play a significant role in the development of new types of catalyst for the production of clean hydrogen from different sources and through a variety of routes. The production of hydrogen can be achieved following 4 methods: (i) steam reforming of biomass, (ii) catalytic decomposition of methane, (iii) catalytic decomposition of ammonia and (iv) photocatalytic process. This review will show the most relevant articles related to the effect of mesoporosity on the different technologies. For more detailed information readers are referred to a recent review by Serrano et al. 3.3.1. Steam reforming of methane. As it has been mentioned before, steam reforming of methane (SRM) is currently the most important method for hydrogen production on a commercial scale due to its high efficiency. 170 Methane is the main component of natural gas, as well as of other nonconventional fossil fuel resources. In order to obtain CO 2 -free hydrogen, the possibility of coupling methane steam reforming with carbon capture and sequestration (CCS) is a promising route. Methane steam reforming is an endothermic process and is operated at high temperatures. Transition metal-based catalysts (Ru, Rh, Ni, Ir, Pd, Pt, Co and Fe) have been used since the 1970s in steam reforming. 171, 172 Ni-based catalysts have been widely used due to their low cost and high catalytic activity. However, Ni-based catalysts show high carbon deposition related to the deactivation of the catalyst. Additional efforts have been made to increase the stability of Ni-based catalysts and, using mesoporous materials as a support, a strong resistance to catalyst deactivation has been achieved. [173] [174] [175] The high surface area and mesopore uniformity of these systems seem to be the key factors behind the superior catalytic behaviour compared to microporous catalysts. Bang and co-workers prepared a series of mesoporous nickel-alumina xerogel catalysts by a single-step carbontemplating sol-gel method to study the steam reforming of liquefied natural gas (LNG). 176, 177 They concluded that the crystallite size of metallic nickel served as an important factor in determining the catalytic activity. Later on, Bang and co-workers studied the same reaction but with a series of mesoporous alkaline earth metal-promoted nickel-alumina xerogel (M = Mg, Ca, Sr and Ba) catalysts, these were prepared by a single-step epoxide-driven sol-gel method and a subsequent incipient wetness impregnation method. 178 It was demonstrated that the exposed Ni surface area of the reduced catalysts decreased in the order of Mg > Sr > Ca > Ba, and the hydrogen production is correlated with the exposed surface area of nickel. Highly exposed nickel gives rise to higher LNG conversion and hydrogen yield. It has also been reported that high Ni exposure provides more stable catalysts towards deactivation. 179 Recently, another steam reforming process based on ethanol has been studied for the production of hydrogen. Ethanol can be considered as a renewable source since it is produced by the fermentation of a relatively large variety of biomass types with a high carbohydrate content. As with methane reforming, Ni-based catalysts have been employed in the case of ethanol. For instance, a series of Ni catalysts supported on Al-SBA-15 mesoporous materials were studied in the context of ethanol steam reforming by Lindo and co-workers. 180 They demonstrated that the Ni/Al-SBA-15 catalysts produce larger amounts of ethylene and coke, with a slightly lower hydrogen selectivity than the Ni/SBA-15 catalysts. This result was explained by the ethanol dehydration taking place in the Ni/Al-SBA-15 acid sites, while an ethanol dehydrogenation mechanism predominates in the Ni/SBA-15 catalyst. Thus it was concluded that for steam ethanol reforming, Ni supported onto pure silica SBA-15 was a promising catalyst. Han and co-workers used mesoporous Ni-Al 2 O 3 -ZrO 2 catalysts prepared using sol-gel chemistry and the results confirmed the importance of a high nickel surface area being exposed. [181] [182] [183] At the same time, Serra et al. studied bioethanol steam reforming on Ni-modified mordenite to see the effect of mesoporosity and the addition of alkaline metals. 184 Ni nanoparticles deposited on mesoporous mordenite show a high activity and selectivity and are resistant against coke deposition. The mesoporosity seems to be the main reason for the good performance while the addition of alkaline metals (Na) improves significantly the selectivity to hydrogen while decreasing coke deposition. In a typical catalytic reforming reaction, hydrogen evolves at a high temperature over a Ni or noble metal-based catalysts. In order to reduce the maximum temperature for high hydrogen generation, Sn was used by Lee and co-workers 185 as a promoter for steam ethanol reforming. It was demonstrated that the addition of Sn reduces the temperature for the steam ethanol reforming with high hydrogen yield. In addition to methane and ethanol, ethylene glycol and glycerol are considered interesting renewable sources for hydrogen production. In this case, recent work has shown the benefits of employing different types of ordered mesoporous materials as supports for the preparation of steam ethylene glycol or glycerol catalysts. Serrano and co-workers 167 analysed the effect of Pt-MCM-41 materials or Ni nanoclusters embedded in multicomponent mesoporous metal oxides. Both catalysts favour a higher hydrogen production because of their good metal dispersion. For instance, the ethylene glycol steam reforming reaction was studied with Pt nanoparticles supported on ordered mesoporous carbon by Kim and co-workers. 186 The
Pt catalyst with a 3D pore structure shows a higher catalytic performance which is due to the fact that there is little metal sintering during the reaction process and more favourable transport and diffusion of the reactants and products. 3.3.2. Catalytic decomposition of methane. Yet another alternative for producing hydrogen is by the decomposition of methane in an inert atmosphere. The development of effective catalysts is one of the key factors hindering the practical viability of this process.
Metal-based catalysts have been used as an active phase for methane decomposition. However, important deactivation effects have been encountered due to coke formation. In order to mitigate these drawbacks, mesoporous materials have been proposed as promising candidates for supporting active phases in the catalytic decomposition of methane. 167 For instance, Ni dispersed within an ordered mesoporous material, consisting of partially Ce-substituted MCM-41 silica showed a higher methane conversion, as well as total selectivity for hydrogen and a high resistance to deactivation, compared with other metal-based catalysts. Botas and co-workers have used a new class of carbonaceous materials (CMK-3 and CMK-5), which have an ordered mesoporous structure. 187, 188 Their results showed that CMK-5 is an active catalyst for hydrogen production with a high stability. Carbon deposition from methane decomposition may leave the CMK-5 pores, growing towards the outside part of the catalyst particles, which avoids the total blockage of the mesopores. Recently, Jin and co-workers prepared Fe-Al 2 O 3 supported on carbon materials to study the methane decomposition. 189 It has been demonstrated that the introduction of Fe and Al 2 O 3 into the activated carbon decreases the surface area and pore volume, but mesopores with an average pore size around 4.5 nm are formed as an activation process. The resultant catalyst, with appropriate Fe/Al 2 O 3 loading, exhibits good methane conversion and stability. Apparently, mesopores and larger pore volumes are beneficial to achieving a good dispersion of the active Fe species, giving rise to a higher catalytic activity than microporous carbon. 3.3.3. Catalytic decomposition of ammonia. Ammonia is another option for obtaining hydrogen via catalytic decomposition. The main advantages of this route are zero emissions of CO and CO 2 , N 2 being the only co-product (it is important to highlight that although the process itself has zero emissions, the actual routes for ammonia synthesis involve hydrogen coming from the catalytic reforming of hydrocarbons with the associated CO 2 emissions). In the catalytic decomposition of ammonia, the research has been done using metal active phases like Ru, Fe, Co and Ni on a support.
As reported by Serrano and co-workers 167 the effect of mesoporosity is important to obtain a high metal dispersion and a small particle size, parameters that enhance the catalytic decomposition of ammonia. For instance, Tan and co-workers studied this reaction with Ru nanoparticles confined in the channels of ordered mesoporous alumina and magnesium oxide-modified ordered mesoporous alumina. The higher catalytic activity was attributed to the optimised nanoparticle size and the confined space provided by the channels of the mesoporous supports. 190 3.3.4. Photocatalytic hydrogen production. Photocatalytic water splitting to form hydrogen and oxygen has attracted considerable attention as a potential means of renewable energy production with no reliance on fossil fuels and no carbon dioxide emissions. [191] [192] [193] [194] Although TiO 2 is the most widely investigated photocatalyst for this reaction, it still provides low photocatalytic efficiency. The improvement of its photocatalytic water splitting performance can be achieved by many ways, such as doping it with metals to narrow its band gap energy, the addition of electron donors (hole scavengers) to the reaction system, and the establishment of a semiconductor mixed oxide in order to reduce the charge carrier recombination. 195 The use of ordered mesoporous materials can provide significant advantages over conventional photocatalysts. Thus, well-defined and uniform pores are ideal to disperse the photoactive component, in the case of the as supported catalysts, and metal doping. Furthermore, with a pure mesostructured semiconductor, both a high light absorption and favourable interaction with the reagents take place simultaneously. Nevertheless, the crystallinity is important because the amorphous components are inactive in photocatalysis. 167 TiO 2 modified with WS 2 was reported by Jing and co-workers showing that the mesoporous structure of the substrate was beneficial for a larger amount of WS 2 loading. They demonstrated the effectiveness of using mesoporous TiO 2 as the substrate and WS 2 as a sensitiser to construct an efficient and stable heterogeneous photocatalyst system responding to visible light. 196 Later on, TiO 2 modified with ZrO 2 was prepared as a mesoporous structured phase using the block co-polymer surfactants method, and was tested in the aforementioned reaction. 197 The most important results are shown in Fig. 15 .
Comparing the specific hydrogen production rate shows that the synthesised mesoporous-assembled TiO 2 -ZrO 2 mixed oxide photocatalyst with a specific Ti/Zr ratio provide the highest photocatalytic activity for hydrogen production compared to commercial TiO 2 photocatalysts. The mesoporous-assembled structure, with a pore diameter of around 5.6 nm, is considered to be a prime factor in increasing the photocatalytic hydrogen production. All the investigated commercial TiO 2 photocatalysts possess undesired non-mesoporous characteristics and this may lead to their comparatively low photocatalytic hydrogen production activities, because the photoactive species is less accessible to the reactant.
Dang and co-workers 198 have studied photocatalytic hydrogen production with Cu(OH) 2 /TNTs catalysts prepared by the hydrothermal precipitation process. TNTs loaded with 8 wt% Cu(OH) 2 exhibit a remarkably improved activity due to the higher dispersion of Cu(OH) 2 onto the TNT surface compared with pure TNTs. Another alternative to improve the photocatalytic activity is the incorporation of transition metal oxides into the mesoporous silica frameworks in a one-pot synthesis process. The photocatalytic mechanism in this case is based on a metal-metal charge transfer excitation, where incorporated metals act as chromophores, absorbing UV and/or visible light which leads to the formation of an excited state of charge transfer. Moreover, the high dispersion of these isolated species can lead to an increase in the conversion per centre in the case of bulk catalysts.
ZrO 2 is a promising light harvesting agent because its conduction band is located at a much higher energy level. For this reason it has been used to prepare Zr-MCM-41 to study the photocatalytic activity in water splitting. The experimental results show that the enhancements in the photocatalytic activity afforded by the Zr-MCM-41 photocatalysts could be due to the high dispersion of ZrO 2 in the amorphous wall of MCM-41. 199a Similar results were reported using W supported on MCM- 48. 199b Recently, Peng et al. 200 have prepared two sets of titania, one containing MCM-41 and the other MCM-48, as catalysts for water splitting. The photocatalytic H 2 evolution results indicate that the cubic phase MCM-48 exhibits a higher activity as the host photocatalyst than hexagonal MCM-41 materials. Moreover, it was also confirmed that tetrahedrally coordinated Ti species possess a much higher photocatalytic efficiency than the octahedral ones and that the cubic phase is a better support than the hexagonal mesoporous silica support. Ordered mesoporous materials have significant potential for improving a variety of catalytic routes for the production of hydrogen. Some additional results related to the importance of the mesoporosity in the H 2 production can be found elsewhere. 167 
Catalytic valorisation of CO 2
Nowadays CO 2 emissions to the atmosphere are growing, owing to the higher demand for fossil fuels caused by increases in population and living standards. The European Union has set Fig. 15 The effect of the photocatalyst type on the specific H 2 production rate over the synthesised mesoporous-assembled pure TiO 2 and 0.93TiO 2 -0.07ZrO 2 mixed oxide photocatalysts calcined at 500 1C when compared to commercial TiO 2 photocatalysts (P25, JRC-01 Ishihara Sangyo Co., JRC-03 Ishihara Sangyo Co).
an ambitious target to drastically reduce greenhouse gas emissions over the next few decades. In 2020 the reduction of greenhouse gas emissions should be 20% and in 2050 around 50% in Spain. 201 The need to mitigate the accumulation of CO 2 in the atmosphere requires technologies able to reduce CO 2 emission. Among the different technologies hoping to lower such emissions, the utilization of CO 2 as a building block may represent an interesting approach to obtain valuable chemicals and materials. [202] [203] [204] [205] [206] The most difficult task related to CO 2 conversion into organic compounds is the stability of the CO 2 molecule. In order to activate the CO 2 molecule a high quantity of energy is necessary to weaken the C-O bond. The valorisation process of CO 2 must be partnered with a renewable energy like solar energy, to supply the energy involved in the process. 207 Traditionally, CO 2 was limited to a few processes like the synthesis of urea, salicylic acid and polycarbonates. However, nowadays the versatility of CO 2 to produce chemical products is being developed constantly, as shown in Fig. 16 . Carbon dioxide reacts with hydrogen, alcohols, acetals, epoxides, amines, carbon-carbon unsaturated compounds and oxetanes in the presence of metal compounds as catalysts. [204] [205] [206] [207] [208] [209] Intensive research efforts are necessary to find new ways of functionalising carbon dioxide and to improve the selectivity of the products by new catalysts. Although most organic compounds are synthesised by homogeneous catalysis, the most important obstacle for large-scale production using this approach is the removal of the catalyst and the purity of the final products. Heterogeneous catalysis is more realistically applicable to largescale production because it is possible to remove the catalysts and, consequently, the purity of the products is higher.
Therefore, it is vital to develop heterogeneous catalysts if CO 2 is to be converted into valuable molecules for different applications. 210 CO 2 valorisation includes different processes like the hydrogenation of CO 2 , methanol or ethanol reforming, the conversion of alkane to alkenes and the fixation of CO 2 into organic molecules.
3.4.1. Hydrogenation of CO 2 . One of the most interesting processes to valorise CO 2 is the hydrogenation of CO 2 to form oxygenates and/or hydrocarbons. Anything from C1-type molecules like methane or methanol to higher molecular weight alkanes, alkenes and alcohols (through C-C bond formation) are able to be produced by this process. 211 Methanol synthesis from CO 2 and H 2 has been investigated at the pilot plant stage with promising results. Methanol may be used as feedstock in fuel cells, providing a route to store energy from CO 2 and then produce electricity. 212 Over the last two decades, the hydrogenation of CO 2 to CH 3 OH has been studied in order to develop effective catalysts. At the beginning, supported precious metals (Pt or Pd) were used to study CO 2 hydrogenation. It is well established that both the support and the active phase can modify the activity and selectivity. [213] [214] [215] Additionally, the activity can be increased by the addition of promoters like Cr 2 O 3 , Ga 2 O 3 and ZrO 2 . 206, 216, 217 Recently, it has been observed that the uniform pore structure of mesoporous materials may provide nano-sized uniform reaction environments which enable the stabilisation of small metal nanoparticles inside the mesopores. In this connection, it is worth mentioning that a so-called bi-functional mechanism has been proposed for CH 3 OH formation from CO 2 , over metal oxide-promoted Pd catalysts, where the metal oxide promoters stabilise adsorbed formate (or CO 2 ) species and metallic Pd-dissociated H 2 molecules simultaneously. 218 Thus, a better catalytic activity for CH 3 OH formation would be expected when small Pd and metal oxide nanoparticles are incorporated inside mesocavities. In addition, if the size of the Pd nanoparticles can be controlled systematically by mesoporous materials with different pore diameters, these catalysts could also become an interesting model catalyst. Although some research groups have already shown the use of mesoporous silica with a high activity for the hydrodesulfuration of dibenzothiophene, 219 the Fischer-Tropsch synthesis, 220 and H 2 O 2 synthesis 221 as a support, its utility in the hydrogenation of CO 2 to methanol is still very limited. In 2006 Yu and co-workers studied the effect of a Ru catalyst supported on functionalised MCM-41. 222 In this study they combined the benefits of heterogeneous catalysis with the benefits of homogeneous catalysis, immobilising Ru complexes on the functionalized mesoporous MCM-41. Their results showed that MCM-41-immobilised ruthenium complexes exhibit a promising catalytic performance as heterogeneous catalysts for the synthesis of formate from CO 2 and H 2 in CO 2 -expanded solvent. Later on, Kosizumi and co-workers studied the effect of nano-structured mesoporous supports and the effect of the addition of alkali/ alkaline earth metal oxides on the CO 2 hydrogenation reaction. 223 As shown in Fig. 17 , mesoporosity does not guarantee good performance in CO 2 hydrogenation. This paper demonstrates that the small mesopores of MCM-41 and SBA-15 work as a template for the formation of small Pd 0 nanoparticles, leading to a higher activity for methanol formation compared to the conventional amorphous silica. Indeed, the importance of mesoporosity is related to the development of specific Pd nanoparticles rather than diffusional problems. It seems that the overall reaction for methanol formation is governed by the 
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surface reaction rather than diffusion on the reactants, probably due to the low reaction temperature used.
Dry reforming.
One possibility for CO 2 valorisation concerns dry reforming to obtain syngas with a H 2 /CO molar ratio of 1, which can then be used to produce hydrocarbons by the Fischer-Tropsch reaction.
This reaction has been extensively studied using mesoporous materials as a support for the active phase. Rh-based catalysts are known to have a high activity, stability and low coke formation in the CO 2 reforming of methane and the reforming of ethanol reactions. 224 Wu and Kawi studied the effect of Rh/ Ce-SBA-15 as a catalyst for the CO 2 reforming of ethanol. 225 They observed that the mobility of the surface oxygen species and the Rh dispersion over the Ce/SBA-15 catalyst support were important parameters in achieving a high catalytic performance. It was demonstrated that hexagonal mesoporous SBA-15 remains intact after the CO 2 -ethanol reforming reaction for 24 h at 600, 650, 700 and 750 1C. So, the 1%Rh/Ce-SBA15 catalyst is a potential commercial catalyst for CO 2 reforming with ethanol to produce syngas and hydrogen. One important point about CO 2 reforming is the inhibition of the catalysts by carbon deposition. This coke deposition is related to the active metals and the support. Ni-based catalysts have been reported to easily deactivate due to the formation of coke. The low cost of Ni has encouraged the development of new Ni-based catalysts with an improved stability. Xu and co-workers studied the effect of an ordered mesoporous NiOAl 2 O 3 composite in the CO 2 reforming of methane. 226 It was demonstrated that ordered mesostructured catalysts can offer a high activity and long stability, by supplying much more accessible Ni active sites to the reactant and stabilising the Ni nanoparticles via the ''confinement effect'' during the reaction. Ni nanoparticles exist among the framework of the material, which contribute to suppressing the coke deposition. Later on, the incorporation of MgO was evaluated in order to produce mesoporous NiO-MgO-Al 2 O 3 via a one pot evaporation induced self-assembly (EISA) strategy. 227 The benefits of the material NiO-MgO-Al 2 O 3 over NiO-Al 2 O 3 were found to be a large specific surface area, a large pore volume and a favourable thermal stability. After studying the effect of Ni and Ni-Mg mesoporous materials on Al 2 O 3 , Xu and co-workers studied CO 2 reforming by using Ni-Ce/Zr mesoporous solids. 229 It was the mesoporous framework that endowed the mesoporous catalyst with more activity. Specifically, predominant textural properties provided more ''accessible'' Ni active centres for the gaseous reactants accounting for the higher activity. The ''confinement effect'' of the mesopores imbued the Ni nanoparticles with a higher stability. As noble metals commonly excel in coke resistance and thermal sintering, Takahashi and co-workers analysed the effect of a Pt/ZrO 2 mesoporous catalyst in the CRM reaction. 230 As previously mentioned, the presence of a mesoporous support is important to achieve good metal dispersion and to improve the resistance to coking. Recently, the CRM reaction has been studied on different mesoporous catalysts, like Ni-SBA-15 prepared with b-cyclodextrine. 231 b-Cyclodextrine was added to increase Ni dispersion and the catalysts prepared with b-cyclodextrine were more active than their NiSBA-15 counterparts. The presence of mesopores was required in order to favour the intimate contact between the cyclodextrine and the Ni particles, thus preventing Ni sintering effects. It is known that Y can act as a promoter for catalytic reforming reactions. With this in mind, Li and co-workers studied the effect of Ni/Y-SBA15 mesoporous materials in the CRM reaction. 232 Y is a promoter of the CRM reaction by enhancing the reduction of NiO, which was attributed to the oxygen vacancies on the surface of the catalyst and the high mobility and activity of the surface oxygen species. The presence of a mesoporous support is important to achieve a good Y dispersion around the structure. As mentioned before, CeO 2 is a good support for catalysts due to its redox properties. However, its thermal stability must be improved. Zeng and co-workers described the influence of pore distribution on the catalytic performance of an inverse CeO 2 /Co 3 O 4 catalyst for the CMR reaction. 233 It was demonstrated that the CeO 2 /Co 3 O 4 catalyst with double pore distribution could give more active sites as well as better gas circulation channels, reducing the internal diffusion resistance and improving the catalytic performance for CH 4 /CO 2 reforming. This work is in agreement with the results obtained using bimodal silica. 234 Finally, one of the latest works related to the CRM reaction has been done by Guo and co-workers, who have studied the catalytic properties and stability of cubic mesoporous La x Ni y O z /KIT-6 catalysts. 235 La 2 NiO 4 /KIT-6, showing the highest activity for CMR reaction at 800 1C, still retains the mesoporous structure and high surface area, which is favourable for the diffusion or adsorption of reactant molecules. During the reforming reaction, the formation of La 2 O 2 CO 3 species can maintain the balance between carbon deposition and elimination. The thermal stability of the La 2 NiO 4 / KIT-6 catalyst is significantly higher than that of La 2 NiO 4 /SBA-15 due to the stable cubic structure of the KIT-6 support. 3.4.3. Conversion of alkanes to alkenes. The conversion of alkanes into alkenes by oxidative or non-oxidative dehydrogenation is important because of the growing demand. Nakagawa and co-workers studied in 1998 the dehydrogenation of ethane by carbon dioxide over several oxides and found that gallium oxide was an effective catalyst for this reaction. 236 Takahara and Saito reported the promoting effect of CO 2 on propane dehydrogenation by Cr 2 O 3 catalysts. 237 A few years ago
Leth and co-workers studied the effect of Ga addition in MFI mesoporous materials on this reaction. 238 The introduction of mesoporosity into Ga-MFI zeolite leads to a significant improvement of the catalytic activity and selectivity in ethane aromatisation. This improvement was attributed to the better accessibility of the active Ga species inside the mesopores. Taking into account the promoting effect of Cr 2 O 3 , Rao and co-workers studied the effect of Cr addition on different siliceous materials derived from MCM-41. 239, 240 The results showed that the ethane dehydrogenation reaction depends on the chromia loading and the catalyst preparation. Cr/MCM-41 catalysts were more active than bulk Cr 2 O 3 , this effect being attributed to the better metal dispersion on the mesoporous material supports. Another important process is the oxidative dehydrogenation (ODH) of propane to propene. It is known that a limited propene selectivity at higher propane conversions is linked with the propene adsorption on acid sites and their subsequent oxidation to carbon oxides. Thus, it is challenging to develop new efficient catalyst systems which can allow the production of propene with a high selectivity at a higher propane conversion. Cr catalysts were studied in the propane dehydrogenation reaction by Michorczyk and co-workers using mesoporous materials as the support. 241 In dehydrogenation reactions the higher the dispersion of the active phase, the higher the activity. Recently, Zhang and co-workers studied the effect of ZSM-5-supported chromium oxide catalysts prepared by the incipient wetness method in the dehydrogenation of propane. 242 This study demonstrates that chromium oxide supported on an Na-type ZSM-5 with a smaller crystal size (ca. 400 nm) is an attractive new catalyst applicable for propane dehydrogenation to propylene with CO 2 . This catalyst exhibits a substantially higher activity than chromium oxide supported on ZSM-5 with a larger crystal size (ca. 2 mm).
Finally, it is noteworthy to mention that the number of studies dealing with large molecules is rather scarce. As an example, Wang and co-workers prepared a series of mesoporous silica SBA-15 supported chromia catalysts and examined their catalytic properties for the ODH of ethane, propane, n-butane and isobutane. 243 All catalysts showed an excellent catalytic activity and the results could be explained by a combination of factors: (1) the good redox behaviour of the Cr species, (2) the formation of highly disperse mono-and polychromate domains, and (3) the formation of well-ordered mesostructured banana-like SBA-15 rods that provide a local environment favourable for the adsorption, desorption and diffusion of the reactant or product molecules. One important process is the catalytic dehydrogenation of ethylbenzene (EB) to obtain styrene. Styrene is one of the most important monomers in the petrochemical industry because of its use in the production of various polymers such as polystyrene, styrene-acrylonitrile (SAN) copolymer, styrene-butadiene rubber (SBR) and acrylonitrilebutadiene-styrene (ABS) tert-polymer.
Contrary to the process that uses oxygen as a strong oxidant, the dehydrogenation of ethylbenzene with CO 2 produces styrene with a much higher selectivity. Qiao and co-workers studied VO x / MCM-41 catalysts for the EB reaction. 244 They concluded that catalysts prepared using a mesoporous support showed a higher EB conversion, which must be attributed to the better metal dispersion on the support. 3.4.4. Fixation of CO 2 into organic molecules. The synthesis of cyclic carbonates is a field of growing interest due to a wide variety of applications. In the last decade of the 20th century, many catalytic systems were developed for the insertion of carbon dioxide into oxiranes. However, these catalysts suffered from a low catalytic activity and/or selectivity, a low stability and poor separation, as well as requiring high pressure and/or high temperatures.
The functionalisation of well-ordered mesoporous solids by post-grafting techniques has been postulated as a more efficient synthetic route since it increases the efficiency for the utilisation of large pore materials. Hybrid inorganic-organic mesoporous materials based on the co-condensation of siloxane and organosiloxane precursors, in the presence of a templating surfactant solution are of interest for producing a regular and ordered architecture. Udayakumar and co-workers studied the fixation of CO 2 to allyl glycidyl ether over an ionic liquid immobilisation on MS41. 245 The results showed that the modified MS41 materials were generated with a large number of active sites, uniform pores and high surface area. The excellent activity of these materials is owed to the large number of active sites in the host system. Recently, Nelson and Adam studied the synthesis of styrene carbonate via the cycloaddition of CO 2 using ordered mesoporous MCM-41-Imi/Br catalysts. 246 This material promises to be a heterogeneous, environmentally friendly and active catalyst for the production of cyclic carbonates from styrene oxide. The fixation of CO 2 into three-member heterocyclic rings such as aziridine for their transformation into five-member heterocyclic rings such as oxazolidinones is important for their versatile intermediates. MCM-41 grafted with amine groups has been reported to catalyse many organic reactions. These catalysts have a good mesoporous structure ordering, a large BET surface area and a high porosity. All these qualities are important to permit the diffusion of the molecules into the catalyst. Recently, Nale and co-workers studied the regioselective synthesis of 5-aryl-2-oxazolidinones from CO 2 and aziridines by amine functionalised MCM-41. 247 The results make it a promising material for the cyclic carbonates reaction from styrene oxide. The efficient CO 2 valorisation process requires mesoporous catalysts containing uniformly distributed small nanoparticles. For the big size of the molecules involved in this process, mesoporous materials also help to avoid diffusional problems.
Photocatalytic energy technologies
By adsorption of light with greater photonic energy, semiconductors can generate electron-hole pairs, which initiate simultaneously oxidative and reductive reactions with surface species, before recombination. Catalysts under light irradiation, called photocatalysts, are attracting a great deal of attention, both for fundamental science and practical applications. 248 This technology can be divided into the degradation of molecules into CO 2 or the utilization of CO 2 to produce organic molecules. 3.5.1. Degradation of organic molecules. In order to solve the problems related to environmental pollution, various catalytic techniques have been investigated in the last decades. Heterogeneous photocatalysis is a popular technique that has great potential to control aqueous contaminates or air pollutants. Since the early development of this technology in the 1970s, TiO 2 has constituted the archetypical photocatalyst due to its relatively high efficiency, low cost and availability. However, during the last decade a considerable number of approaches have been adopted with the aim of increasing the surface area, porosity or the incorporation of additional components such as metals or second semiconductor phases. 249 Heterogeneous photocatalytic oxidation using TiO 2 has been widely studied and applied to degrading a variety of organic compounds. 250 However, pure titania exhibits a low adsorption ability for bulky organic pollutants, which can be improved by its deposition on inert porous supports. During the last few years, a lot of research has been done to activate mesoporous materials with titanium oxide in order to obtain large pore catalysts allowing high diffusion rates and therefore an improved photocatalytic activity for bulky molecules.
93a, 251, 252 The preparation conditions such as the synthesis time and calcination temperature significantly influence the photocatalytic activity of meso-macroporous TiO 2 , illustrating the role of porosity in light harvesting photocatalysis 253, 254 For instance, Saadoun and co-workers 255 tested the activity of a titania, synthesised using an ammonium salt as a hydrolysis control agent, in the oxidation reaction of formaldehyde. The results indicated that the diffusion of the reactants or products within a porous catalyst could be a rate-limiting factor. TiO 2 catalysts prepared hydrothermally showed a significantly higher efficiency than the commercial titania, Degussa P25. Later on, Wang and co-workers 256 prepared bimodal mesomacroporous TiO 2 by a self-formation phenomenon process in the presence of surfactants. Ethylene photodegradation in the gas-phase was chosen as a probe reaction to study the photocatalytic activity. The results showed that catalysts calcined at 350 1C possess an intact macro/mesoporous structure and higher photoactivity (60% higher than of commercial P25 titania). When the calcination temperature was increased above 600 1C, the macro/mesoporous structure was destroyed and a loss in the photocatalytic activity was observed. The high photocatalytic performance of the low-temperature-calcined macro/mesoporous TiO 2 may be explained by the existence of macrochannels that increase the photoabsorption efficiency and allow the efficient diffusion of gaseous molecules. Similar results were obtained by Yu and co-workers. 257 These authors found that the hierarchical macro-mesoporous TiO 2 calcined at 300 1C had the maximum photocatalytic activity for the oxidation of acetone in the gas phase (around twice that of P25). The activity then decreased as the calcination temperature increased, due to the destruction of the macroporous structure and the decrease in the surface area. The incorporation of supported titania within silica materials has been also proposed for improving the surface area of these materials. Hamdy and co-workers studied the incorporation of TiO 2 in a silica mesoporous material (TUD-1), to evaluate the selective light-activated oxidation of propane to acetone. 258 The results showed that nanoparticle-containing TiO 2 -TUD-1 can be more selective in the photooxidation of propene to acetone than commercially available microcrystalline anatase. Later on, Busuioc and co-workers 259 reported a post-synthesis deposition method to form crystalline titania plugs inside the mesopores of SBA-15. Anatase nanoparticles with different sizes were deposited into the SBA-15 channels, influencing the adsorption properties and photocatalytic activity. These materials exhibit an improved catalytic activity for the destruction of Rhodamine 6G under UV light irradiation. More recently, Tasbihi and co-workers 260 studied the photocatalytic degradation of isopropanol in the gaseous medium. They catalysed the reaction with titania, incorporated in ordered (SBA-15) and disordered (KIL-2) mesoporous silica via the sol-gel impregnation method. The results showed that the photocatalytic activity towards the formation of acetone depends on the accessibility and number of titania nanoparticles. In the STi/SBA-15 (1/1) sample, prepared using an aqueous crystalline anatase sol with a Ti/Si ratio of 1, the loading of titania was not too high to decrease accessibility and high enough to ensure a sufficient quantity of active nanoparticles for the reaction. Therefore among all the investigated samples the photocatalytic activity (acetone formation rate) of STi/SBA-15 (1/1) was the highest. The results revealed the benefits of a mesoporous support when removing an organic contaminant from the gaseous phase. Later on, Dong and co-workers 261 prepared 2-D hexagonal mesoporous TiO 2 -SiO 2 nanocomposites consisting of anatase TiO 2 nanocrystals and amorphous SiO 2 nanoparticles, with large mesochannels and high specific surface areas. The photocatalytic degradation of different organic dyes like Methylene Blue, Safranin O, Crystal Violet, Brilliant Green, Basic Suchsin, Rhodamine-6G, Acid Fuchsin, Orange II, Reactive Brilliant Red X3B, Acid Red 1 and Microcystin-LR was evaluated in these systems. The results showed that the samples prepared by TiO 2 -SiO 2 nanocomposites exhibited an excellent degradation activity for all the contaminants, much higher than that of the P25 photocatalyst. The dyes were not only decolourised promptly but degrade readily as well. It was thus demonstrated that these catalysts had promising applications in the fast and highly efficient degradation of various organic pollutants. Recently, Rico et al. synthesised a mesoporous titania-organosilica material with a high surface area, (ca. 300 m 2 g
À1
) with excellent activity in the degradation of a commercial dye under UV light.
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As far as the morphology of TiO 2 is concerned, Zhang et al. 262 employed highly crystalline mesoporous TiO 2 synthesised via the surfactant sulfuric acid carbonisation method for the degradation of Rhodamine B (RhB) under UV light irradiation. A higher photocatalytic activity was achieved than from the commercial P25, which can be attributed to the higher surface area of the ordered mesoporous TiO 2 . At the same time, Zhu and co-workers 263 prepared titanium oxides with hierarchical structures using biotemplates by the sonochemical method.
The calcination temperature has a strong effect on the structural reproducibility and photocatalytic activity of the replicas. It was demonstrated that a calcination temperature of 450 1C results in the best structural replication, the highest surface area, (ca. 58.4 m 2 g À1 ), and hence the best photocatalytic properties. TiO 2 -450 showed better photocatalytic properties than P25, which could be attributed to its hierarchical interconnected structures with open and accessible pores, as well as the fine grain size and large surface area of the TiO 2 replica. Finally, He and co-workers 264 have studied the photocatalytic activity in the degradation of gaseous benzene with mesoporous TiO 2 . Mesoporous anatase TiO 2 samples were prepared via a solvothermal method, using TBT (tetrabutyl titanate) as the Ti source and acetic acid as the solvent. The materials were studied for the degradation of gaseous benzene under UV irradiation. It was demonstrated that nano-sized TiO 2 particles prepared under optimal conditions had the largest specific surface area (two times higher than Degussa P25) and a significantly higher efficiency for benzene degradation compared to commercial P25.
Up to now, the importance of the development of mesoporous TiO 2 for photocatalytic degradation has been demonstrated. To further improve the photocatalytic activity of hierarchical porous TiO 2 , several strategies based on chemical and physical concepts have been adopted. Metal doping of porous TiO 2 structures has been thought to be a good way to enhance the photocatalytic activity, while the coupling of TiO 2 with another semiconductor is another widely used approach. 192, 248 For instance, Zhou and co-workers 265 studied the effect of Fe doping on mesoporous TiO 2 . The samples were prepared by the ultrasonic-induced hydrolysis reaction of tetrabutyl titanate in a ferric nitrate aqueous solution without using any template. The photocatalytic activity of the Fe-doped TiO 2 powders calcined at 400 1C was more than twice that of Degussa P25 (at an optimal atomic ratio of Fe to Ti of 0.25) for the photodegradation of acetone. The high activity of the Fe-doped TiO 2 powder can be attributed to the results of the synergetic effect of Fe-doping, the large BET specific surface area and the small crystallite size. Recently, the doping of different metals has been used in different photocatalytic degradation reactions. As an example, Ismail 266 reported a synthesis of mesoporous PdO-TiO 2 nanocomposites, through a simple one-step sol-gel reaction, for the photooxidation of methanol in aqueous suspensions. Comparing these catalysts with Pd/aeroxide TiO 2 -P25, the PdO-TiO 2 nanocomposites showed more effective and efficient photocatalytic activities for methanol oxidation to formaldehyde (4 and 2 times more than PdO-TiO 2 and Pd/TiO 2 -P25, respectively). The photocatalytic results indicated that these PdO-TiO 2 nanocomposites with a mesoporous structure enable the high flux and rapid diffusion of methanol. Additionally, Ismail 267 reported the synthesis of mesoporous Ag/TiO 2 films, where the nanoparticles are highly dispersed into TiO 2 thin films in a simple one-pot reaction, with the P123 triblock copolymer as a template. The obtained mesoporous Ag/TiO 2 films were evaluated for their photocatalytic degradation of 2-chlorophenols showing that these catalysts were more photoactive (8 times more) than the nonporous commercial photocatalyst Pilkington Glass Activ. Furthermore, the Ag/TiO 2 films were quite stable during the reaction with no significant loss of activity after 10 runs. Recently, Choina and co-workers 268 have studied the effect of Zr-doped anatase titania prepared by sol-gel and chemical vapour deposition methods in the oxidative decomposition of Ibuprofen (IBP). The obtained photocatalytic material shows a high initial activity and exhibits improved adsorption properties in aqueous solution. Both of these properties make the catalyst interesting for the decomposition of hazardous compounds like IBP, especially in a low concentration aqueous solution.
Since doping both with transition metals and lanthanide ions each has its respective advantages, it can be assumed that doping with two dopants can show a synergetic effect with an improved photocatalytic activity. For instance, Nesic and co-workers 269 prepared titanium dioxide photocatalysts co-doped with lanthanum and vanadium using a facile microwave-assisted hydrothermal method. The co-doping of vanadium contributes to the extension of absorption into the visible region. The photocatalytic activity of the samples was evaluated by the decolourisation of the textile dye Blue 52 in aqueous solutions under sun-like radiation. Compared with La singly doped TiO 2 , the co-doped catalysts showed a significant improvement in photoactivity, even higher than commercially available titania P25. Although gold was recognised to be poorly active as a catalyst, when Au nanoparticles were highly dispersed on semiconductor metal oxides or hydroxides, they exhibited a good catalytic activity. For that reason, Yan prepared a highly ordered mesoporous WO 3 -TiO 2 composite material by a surfactant template-assisted evaporation-induced self-assembly process. The presence of a large quantity of mesopores in the composite system allows the diffusion of organic compounds inside the bulk material, shortening the migration distance of photogenerated charge carriers and reducing the opportunity for electron-hole recombination. The results show that both the surface area and crystallinity degree are important parameters in the photodegradation reaction. Similar to metals, non-metals doped or deposited on TiO 2 can effectively improve its photoactivity and selectivity under visible light irradiations. The most commonly used non-metals so far investigated, in a number of studies, are C, N, F, I and S. For instance, Hu and co-workers 273 studied the effect of N doping on mesoporous TiO 2 . Non-metal doping is one of the typical chemical modifications able to enhance the visible light photocatalytic activity of oxides. N-doping has been proved to be a simple and effective way to increase the visible light adsorption. N-doped mesoporous TiO 2 spheres were prepared by a dual-templating synthesis. The ordered arrays of N-doped mesoporous TiO 2 spheres showed an enhanced visible light photocatalytic activity, which could be attributed to the N doping effect, abundant ordered mesopores and a unique opal structure. Such TiO 2 sphere arrays may be promising for practical applications in the fields of environmental purification, water photoelectrolysis and dye sensitized solar cells. Non-semiconducting metal oxides, like alumina and silica, have frequently been used for supporting photocatalysts, in order to control the product selectivity or to shift the reaction to visible light irradiation conditions. For instance, Cr-SiO 2 materials containing highly dispersed chromate species have been proved to catalyse the photo-oxidation of different olefins under visible light irradiation, with a high selectivity to partially oxidized products; while TiO 2 promoted complete decomposition. 274 Recently, the effect of mesoporosity in artificial photosynthesis has been developed by many research groups. For instance, Frei and co-workers 283 studied the formation of formic acid as the main product over a Ti silicalite molecular sieve (TS-1), under UV light and using methanol as an electron donor. On studying the mechanism of the reaction with FTIR spectroscopy measurements they found that CO 2 splits to CO and O 2 at the excited metalto-metal charge-transfer sites. 284 Recently, Tahir et al. 285 have studied photocatalytic CO 2 reduction with H 2 O in the gaseous phase, using TiO 2 and indium doped TiO 2 nanoparticles in a microchannel monolith photoreactor. The results show that this photoreactor possesses a larger illuminated surface areas, higher light utilisation, an efficient adsorption-desorption process and a higher catalyst interparticle mesoporosity. All of these are key factors in improving the yield rates in a monolithic photo-reactor. They have demonstrated that well-developed mesopores, a larger surface area and a higher pore volume can enhance the molecular transportation rates of reactants and products to increase CO 2 conversion efficiency. Another study using mesoporous silica supported Cu-TiO 2 nanocomposites and prepared by a one-pot sol-gel method shows that the high surface area mesoporous silica substrate greatly enhanced CO 2 photoreduction due to improved TiO 2 dispersion and the increased adsorption of CO 2 and H 2 O on the catalyst. 286 Until now, a large number of studies have been reported for the increased CO 2 photocatalytic conversion efficiency using various TiO 2 -based photocatalysts. However, because of the wide band gap and relatively slow carrier transport of titania, the activity of TiO 2 -based photocatalysts in the reduction of CO 2 with H 2 O is not high enough for practical uses, especially under visible or solar light irradiation. CeO 2 is an n-type semiconductor and therefore has been used as a dopant to improve titania-based catalysts. Wang and co-workers 287 have studied the reduction of CO 2 with H 2 O under simulated solar irradiation using ordered mesoporous CeO 2 -TiO 2 composites synthesised through a nanocasting route, with ordered mesoporous SBA-15 as the template. The results are shown in Fig. 18 . It is demonstrated that the ordered mesoporous CeO 2 -TiO 2 composites exhibit a higher photocatalytic activity in the photoreduction of CO 2 with H 2 O under simulated solar irradiation than commercial P25. The results show that CeO 2 addition can enhance the photocatalytic efficiency of pure mesoporous TiO 2 . The enhanced photocatalytic performance for these CeO 2 -TiO 2 composites can be ascribed to their unique structure, which confers a variety of favourable properties. Firstly, ordered mesoporous architecture with a large surface area and 2D open-pore system makes the reactant diffusion into the bulk of the catalyst easy, and hence provides fast intraparticle molecular transfer. Secondly, the introduction of CeO 2 species into composites can effectively extend the spectral response from the UV to the visible area owing to the CeO 2 -photosensitisation. Later on, Wang's group prepared ordered mesoporous Fe-doped CeO 2 catalysts by nanocasting, using ordered mesoporous SBA-15 as the template. 288 These catalysts exhibit a good photocatalytic performance in the reduction of CO 2 under simulated solar irradiation. Another alternative to CO 2 photoreduction is the use of surface-anchored molecular catalysts that combine the advantages of homogeneous and heterogeneous catalysis. 289 For instance, Dubois et al. 290 have studied the photocatalytic reduction of CO 2 using Re-bby immobilised on mesoporous silica. The results show that covalent attachment through simple organic linkages is a promising strategy for immobilising molecular CO 2 -reduction photocatalysts on solid-state surfaces.
Beyond catalysis
Novel mesoporous electrodes for fuel cell technologies
In a fuel cell, the chemical energy of a fuel and an oxidant is converted into electrochemical energy. The process involves electron transfer during the oxidation and reduction reactions with an essentially invariant electrode-electrolytic system. 291 Nowadays, there are several types of fuel cell (FC) differing, mainly, in the nature of the electrolyte. However, the basic operating principle of all types of FC is the same; see the schematic representation in Fig. 19 . A fuel, i.e. hydrogen, is oxidised at the anode into protons and electrons, while at the cathode, oxygen is reduced to oxide species, and these then react to form water. Depending on the electrolyte, protons or oxide ions are transported through the electrolyte, which should be ion conducting but electronically insulating. Finally, electrons travel round an external circuit delivering electric power. 292 As the process is not governed by Carnot's law, fuel cells do not need high pressure or thermal gradients to obtain good efficiency, having much higher theoretical efficiencies (35-55%) than traditional combustion-based thermal energy conversion. Furthermore, they present very low levels of pollutant emission due to the absence of high pressure, high temperature a combustion chamber and the fact that air and fuel are separated. 294 Hence, FCs are cleaner and more efficient energy conversion technologies than traditional systems. However, it is necessary to point out that FCs are only classed as renewable energy systems if the fuel used is renewable (biofuels, hydrogen from wind or solar conversion of water). 295 Regarding the use of porous materials in FCs, anodes and cathodes have to be porous in order to allow the diffusion of the fuel and the products and, moreover, the use of mesoporous supports in the active catalyst region would increase the dispersion and stability of the catalyst (typically Pt and Pt based alloys 297 ).
As reported by Sharma and Pollet, 298 an ideal support for the electrocatalyst should have: (1) a good electrical conductivity, (2) good catalyst-support interaction, (3) a large surface area, (4) a mesoporous structure enabling the ionomer and polymer electrolyte to bring the catalyst nanoparticles close to the reactants, i.e. to maximise the triple-phase boundary (TPB), (5) a good water handling capability to avoid flooding, (6) good corrosion resistance, and (7) Due to the large body of reports dealing with mesoporous supports for FC catalysts, and as the topic has been extensively reviewed in the lasts years, 291, 298, 301 here we only discuss the most relevant contributions published in the last year on mesoporous electrodes for PEMFC and DMFC, because they are two of the most promising systems. An extensive summary of the application of mesoporous materials in FC technology, showing last year's contributions, is shown in Table 3 . Concerning carbon based electrodes, a recent work published by Lazaro and co-workers shows the influence of different morphologies of carbon materials as electrocatalyst supports on the catalysts' performance in DAFCs. 302 Platinum catalysts supported on carbon nanofibres (CNFs), carbon nanocoils (CNCs) and ordered mesoporous carbons (CMK-3) were evaluated in the alcohol oxidation reaction, and compared with a platinum catalyst supported on Vulcan XC-72R (by the same method), and with the commercial Pt/C catalyst from E-TEK. The support material's characteristics were shown to have an influence on both the physicochemical and electrochemical properties of electrocatalysts. The highest current densities, both in methanol and ethanol oxidations, were reached with the mesoporous Pt/CMK-3 catalyst. This could be rationalised by proposing that the high electrical conductivity and ordered porous structure of the support allow better electron transfer and diffusion of the reactants and by-products, during the electrochemical reactions. In the same vein, other very recent works also demonstrate the superior performances of mesoporous catalysts over other kinds of support. 299a,303,304 Without doubt, the most employed and studied electrodes nowadays are the ones based on carbon, see Table 3 . However, as has been previously mentioned, there is a key drawback associated with the use of carbon electrodes, their corrosion with use under high potentials. This can be overcome using non-carbon catalyst supports possessing the good properties of carbon (especially high surface area and high electrical conductivity), but also being corrosion-resistant. Some of the materials developed lately include porous metal and alloys, 306 nitrides, 307 different mixed oxides, 308 as well as metal oxides.
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As an example, DiSalvo and co-workers have developed a methodology to prepare mesoporous nitrides of Ti, Cr and Ti/Nb by ammonolysis of different oxides of those metals. These nitrides showed excellent electronic conductivity and high surface area, performing very well as a result in methanol electrooxidation and the ORR in acid and alkaline media. Furthermore, they present in every case, a higher electrocatalytic stability than commercial Pt/C. Their high tolerance to corrosion makes them very promising candidates to replace carbon black as supports for fuel cell catalysts. Finally, it is necessary to mention that, even with the great potential that FC systems show as clean energy conversion systems, there are some bottlenecks which inhibit FCs from finding a wide range of applications. Two of these bottlenecks are the poor efficiency of the oxygen reduction reaction (ORR) and the use of noble metals (mainly Pt) in the electrocatalysts, which makes the process unsustainable and/or expensive. With this in mind, Asefa and co-workers have recently published the synthesis of a metal-free electrocatalyst based on N-and O-doped mesoporous carbon for the ORR. 305 The synthesis of this novel carbon catalyst was carried out using SBA-15 as a hard template, see the schematic representation of the synthetic procedure in Fig. 20 . The aforementioned N-and O-doped mesoporous carbon, was produced in two broad steps. First, polymerised mesoporous silica-supported polyaniline (PANI) was carbonised in situ, before the mesoporous silica template was etched away. This synthetic method also permitted the immobilisation of non-noble metals, Fe and Co, into the system. All the resulting materials showed excellent electrocatalytic activity toward the ORR. However, the metal-free, PANI-derived mesoporous carbon exhibited the highest activity, challenging conventional paradigms. This unprecedented activity of the metal-free catalyst towards the ORR can be attributed to the synergetic activities of the nitrogen and oxygen (or hydroxyl) species that were implanted in it by PANI/mesoporous silica during pyrolysis. Other very recent reports also show the possibility of using metal free catalysts in the ORR which can definitively help reduce costs in FC, avoiding the use of expensive Pt.
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To conclude, it is true that much work has been done over recent years on FC systems, indeed, all the references cited here were published only in 2013. However, while the results are encouraging, a lot remains to be done in order to provide materials solutions to the main deficiencies that FC technology still suffers from such as the high-cost (mainly due to the catalyst), and durability issues.
Mesoporous materials in advanced solar cells
A dye sensitised solar cell (DSSC) is a photoelectrochemical cell which generates electricity using solar power. It consists of three parts: the working electrode (WE) which contains the sensitising dye, the electrolyte, and the counter electrode (CE), see Fig. 21 .
Since O'Regan and Grätzel reported the first high-efficiency DSSC in 1991, 325 The overall conversion efficiency of the WE increases with the following factors: (1) a higher dye loading which will produce a higher light harvest, (2) an efficient transport of the injected electrons from the dye molecules to the external circuit in order to decrease the back reaction with oxidised species in the electrolyte and the holes in the dye, (3) a higher porosity to improve the binding of the dye molecules and the diffusion of the electrolyte and, (4) scattering functions in the WE, which can lengthen the light pathway and therefore improve light harvesting. All these factors can be enhanced using a mesoporous electrode as the WE. 7, 34, 248, 326, 329 Herein, the two highest DSSC efficiencies reported using mesoporous hybrid titania as the WE, will be highlighted. Grätzel et al.
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reported mesoscopic solar cells prepared using a mesoporous hybrid titania as the WE, a zinc porphyrin dye used as a sensitiser and a Co(II/III)tris(bipyridyl) complex as the electrolyte. The WE was made by immersing a 10 mm mesoporous TiO 2 film (5 mm thick transparent mesoporous layer + 5 mm thick scattering layer) in a solution of the dye used as the sensitiser. With this configuration, the efficiency values for these DSSC based on liquid junctions of 12.3% was achieved. More recently, the same group reported the fabrication of a solid-state mesoscopic perovskitesensitised solar cell with an efficiency of 15% and a stability comparable to that of today's best thin-film solar cells. The cell used mesoporous anatase TiO 2 as the WE. 329 Similarly in the CE, different studies show better performances when using mesoporous carbon (MC), with a well-developed nanostructure and high surface area, as the CE than with graphite and activated carbon. [330] [331] [332] [333] [334] [335] The good performances of these inexpensive and abundant carbonaceous materials, added to their high corrosion resistance and good catalytic activity, make them very promising alternative materials for the CE. That is, replacements for the commonly used Pt catalyst, which is very active but scarce and expensive, inhibiting its large scale applications in the future.
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As examples, two works of Ramasamy and Lee are explained. They developed two different mesoporous carbon CEs using hard 332 and soft 333 templating approaches. An ordered mesoporous carbon (OMC) with a high surface area (B1575 m 2 g À1 ) and bimodal mesoporosity (2.5 and 6.1 nm) was synthesised using a triblock copolymer, namely F127, as a structure directing agent. The DSC prepared with this OMC based CE offered an energy conversion efficiency of 7.46%, which represents a 42% enhancement over a commercial Vulcan based CE. Electrochemical impedance spectroscopy analysis reveals decreased charge transfer resistance at the OMC counter electrode-electrolyte interface, and thus an improved fill factor and energy conversion efficiency. 332 Simultaneously, the same group published a CE comprised of large-pore sized mesoporous carbon. The synthesis of this new large-pore MC involved the use of a mesocellular silica, MSU-F, as a hard template. Large-pore sized mesopores with an interconnected pore structure of sub-micron size MSU-F-C facilitated redox electrolyte penetration, and consequently most of the active surface area of the MSU-F-C carbon CE participates in the I 3 À reduction reaction. As a result, an 8.18% solar to electric energy conversion efficiency was obtained, a 21% increase in device performance compared with CMK-3 carbon (SBA-15 templated). Fig. 22 shows the characteristics of the MSU-F-C and the Nyquist plots displaying the similarity of its behaviour to Pt-based CEs. 333 
Mesoporous thermoelectric materials
The thermoelectric effect is a phenomenon involving a direct energy conversion from heat into electricity (or vice versa).
Materials showing this effect, that is, capable of directly converting temperature gradients to electric voltage and vice versa, are considered thermoelectric (TE) materials. These materials offer the possibility of directly converting waste thermal energy back to electricity, as well as to cool atmosphere without using harmful chemicals like CFC and/or moving parts. 337 A huge amount of waste heat is produced in both automotive and industry operations, and many of mankind's activities may be converted into useful energy using TE. As an illustration, in 2008 the US Department of Energy (DOE) reported that somewhere between 20 to 50% of industrial energy input in the US is lost as waste heat. 338 Hence, capturing and reusing this lost heat would be a valuable approach to improve the overall energy efficiency. For this reason, TE materials have been receiving increasing attention in the last few years.
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The energy-conversion efficiency of a TE material is evaluated by a dimensionless quantity called the figure of merit (zT), defined as zT = S 2 sT/k; where S is the Seebeck coefficient (thermoelectric power, the change in voltage per unit temperature difference in a material), s is the electrical conductivity, k is the thermal conductivity, and T is the average temperature between the hot and the cold sides. A high electrical conductivity, a high Seebeck coefficient, and a low thermal conductivity are essential characteristics of thermoelectric materials. However, it is very difficult to control these factors individually, because the electrical conductivity and the Seebeck coefficient have an inverse relationship. Insulators, for example, tend to have very high Seebeck coefficients, while metals usually present low values in the order of 1-10 mV K
À1
. In this sense, semiconductors with Seebeck coefficients in the order of 10 2 to 10 3 mV K
, are ideal thermoelectric devices. Heavily doped semiconductors were found to have a comparatively good zT. G. A. Slack 340 proposed that in order to optimise the figure of merit, an ideal material should have a low lattice thermal conductivity as in a glass, and a high electrical conductivity as in a crystal, which is known as 'electron crystal, phonon glass' (ECPG). Consequently, thermoelectric materials comprise a huge family, including different materials: semimetals, semiconductors and ceramics; different crystalline forms: monocrystals, polycrystals, nanocomposites; and covering varying dimensions: from bulk to film, wire to cluster. 337 Some polymers are also showing interesting thermoelectric material properties. 341 In this sense, nanocrystals are expected to reduce thermal conductivity because of the higher presence of boundaries than in bulk materials, and mesopores are likely to further reduce the thermal conductivity via crystalline wall-pore interfaces. In addition, a continuous mesostructure nanocrystalline framework can maintain a high electrical conductivity. 342 However, there are limited publications studying such porous TE materials and most of them are based on theoretical calculations.
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Regarding experimental studies, Park and co-workers are one of the groups that have been most active in analysing how mesoporosity and the synthetic parameters of mesoporous solids influence their thermoelectric properties. They have reported the synthesis of TiO 2 344-347 and ZnO 348,349 mesoporous films using a triblock copolymer, Pluronic-123, and a neutral surfactant, Brij-76, as porogens, respectively. In the case of TiO 2 , the resistivity of mesoporous TiO 2 films increases when the surfactant concentration increases because the porosity induces a reduction in the electrical path for carriers. 347 This resistivity affects the Seebeck coefficient, which is higher for the higher concentration of surfactant. The group concludes that both porosity and pore arrangement could have an effect on the electrical conductivity of the mesoporous film. On further investigating the porosity of TiO 2 films, at different surfactant/precursor ratios and different annealing temperatures, they consolidated their previous conclusions, as well as the idea that a disordered structure also has a positive effect on the thermoelectric property of the film. 344 In the case of mesoporous ZnO films, the same trend was found, by increasing the porosity of the ZnO films, their conductivity ratio and Seebeck coefficients increased. 348 Thus, the higher the porosity of the ZnO mesoporous films, the better their thermoelectric properties. However, even if these works show interesting results about the relationship between the porosity and the enhancement of the TE properties and the growing interest that the TE properties of transition metal oxides are lately attracting for their potential future prospects, 350 the prototype TE materials in the low and high temperature ranges nowadays are Bi 2 Te 3 and Si. 342 In this regard, and following on from this study, two very recent and interesting works exploring the possibilities of mesoporous Bi 2 Te 3 and Si are reviewed.
Stucky and co-workers reported in 2012 the first mesoporous monolith for TE applications. 342 The monolith was prepared by a two-step procedure. First, mesoporous n-type Bi 2 Te 3 powder was synthesised, using colloidal silica nanospheres (LUDOX) as a hard template. A mesoporous solid with 28 m 2 g À1 of BET surface area, 0.17 cm 3 g À1 of pore volume and an average pore size of 15 nm (consistent with the particle size of the silica nanospheres, 14 nm) was obtained. In the second step, the raw powder was hot-pressed into a mechanically stable monolith; most of the porosity in the final 3D monolith came from the synthetic mesopores of the initial Bi 2 Te 3 material. The authors demonstrate that a continuous mesoporous nanocrystalline framework is highly effective for phonon scattering. The generated interfaces and boundaries which are a result of the mesoporosity, scatter phonons with a high efficiency leading to a substantially reduced thermal conductivity. When comparing with the control sample prepared without porosity, the thermal conductivities of the meso-Bi 2 Te 3 are reduced by more than 50%. This huge reduction compensates for the loss of electrical conductivity caused by the mesopores and finally, the porous monolith presents a higher zT in the entire temperature range (300-500 K) then the fully condensed control sample. The maximum enhancement in the figure of merit (zT) is achieved in the temperature range from 400 to 500 K being over 45% higher in the porous monolith. As the authors finally conclude being 'the first reported mesoporous monolith, the mesopores in the n-type Bi 2 Te 3 monolith suggest a new viable avenue for the heterostructured synthesis of efficient TE materials'. Similar results were obtained for Fang et al. when studying the thermal conductivity of ordered mesoporous nanocrystalline silicon thin films. 351 In this case, two silica films were synthesised using two different diblock copolymers, namely, PB-PEO [poly-(butadiene)-b-poly(ethylene oxide)] and PEP-PEO [poly(ethylenepropylene)-b-poly(ethylene oxide)]. Once the ordered mesoporous silica films are produced, they were subsequently reduced by magnesium vapor under an inert atmosphere, giving as a result a silicon film replicating the silica structure. Thermal conductivity measurements for the ordered mesoporous nanocrystalline silicon thin films from 25 to 315 K, resulted in a 3 to 5 orders of magnitude smaller thermal conductivity than that of the bulk single crystal silicon, depending on the temperature range examined. In addition, thin films templated by the PB-PEO copolymer had a smaller thermal conductivity than those templated by the PEP-PEO copolymer due to their smaller pores and increased disorder. Moreover, good agreement was found between the measured data and the model predictions.
Even if the literature regarding mesoporous materials for thermoelectric applications is scarce, the majority of the cases reported show an enhancement in the thermoelectric properties mostly coming from the reduction in thermal conductivities for the mesoporous solids regarding their dense counterparts. However, a reported model for polycrystallized Si x Ge 1Àx alloys with a nanosized (E20 nm) interparticle porosity, shows a significant reduction in zT. 352 Consequently, it seems evident that the porosity can have a positive or negative effect on zT depending on the material composition, the effective mass of the carriers, the pore size distributions and the type of pores (inter or intraparticulate). Therefore, a precise synthetic design is required if one wishes to improve zT by the incorporation of mesopores into a condensed matrix.
Conclusions
Recent advances in the synthesis of highly tuneable and complex porous structures have unlocked a wide range of opportunities in clean energy technologies, providing an improved accessibility, a higher surface area and a better dispersion of the active species. In addition to the development of controlled mesoporosity, the modification of the surface chemistry of porous materials using a wide range of techniques, from chemical grafting to the oxidation of the material surface has allowed further improvement in their performance when dealing with molecules of different polarity. New approaches to introducing mesoporosity, as well as revisited traditional techniques, have both been reviewed highlighting the possibility of combining different approaches to produce hierarchical structures with a controlled porosity at different scales. In this regard, a wide range of nanotechnologies from surfactant-templating to nanocasting have been successfully applied in the last decades, yielding novel materials with unprecedented control over their architecture.
In many cases, mesoporous materials are used as catalysts for the transformation of clean energy sources into electricity, fuels or valuable molecules. Herein we have provided some relevant examples of the role of controlled mesoporosity in increasing the activity, but mainly the selectivity of some of the most challenging processes, including the transformation of biomass to high quality fuels, the efficient production of hydrogen or the valorisation of CO 2 . However, mesoporous materials are widely used beyond catalysis, mainly as electrodes in fuel and solar cells and in thermoelectric devices. In these cases, the presence of mesoporosity significantly enhances the dispersion of the active phase and the accessibility of the electrolyte, which suggests that new advances in mesoporous materials will play a significant role in the clean production of energy in the future.
